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ABSTRACT 
The application of double glazed fagades, especially in administration buildings is be- 
coming more and more popular. Aside from the architectural aspects, the energetic con- 
sequences with respect to the building into which it is integrated have been discussed 
much over the past few years. In order to quantify the energy balance of such fagades, 
the heat transfer rate between the inner fagade layers and the gap temperature are impor- 
tant factors and constitute the core of this thesis. In contrast to experimental estimations 
of heat transfer rates, which are measured using heat flux sensors, in this study the en- 
ergy balance within the fagade was determined primarily by means of computational 
fluid dynamics (CFD). For the purpose of verifying the CFD results, simulation results 
were assessed through comparison with experimental flow data obtained using particle 
image vclocimetry (PIV). Comparison of CFD simulations and PIV measurements 
showed good agreement for different symmetric and asymmetric plate temperatures as 
well as for different forced flow rates. A new Nusselt correlation was developed, which 
was derived from a CFD parameter study. The suggested correlation includes plate dis- 
tances which vary from 0.05 to 0.5m, surface temperatures from -10 to 60'C, inlet tcm- 
peratures from -10 to 30'C and Reynolds numbers (Red) between 500 and 6500. 
In order to estimate the thermal behaviour of a ventilated faqade at an early stage of 
building planning, a transient simulation program was developed which is able to calcu- 
late the dynamic energy balance that occurs in a double fagade. To facilitate integration 
of the calculation method into the commercial building simulation program TRNSYS 15, 
a new Type (Type I 11) was written. This Type III can be used to connect an arbitrary 
fagade construction to the existed building model Type56. Comparisons between calcu- 
lated results from the developed model and measurements on real fagades (a hybrid, 
mechanically-ventilated PV fagade and a naturally-ventilated, double glazed fagade) 
provided sufficiently good agreement. The total energy rate through a window (g- 
value), estimated by the special g-value test rig at the Stuttgart University of Applied 
Sciences could also be reproduced accurately using the developed program. 
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CHAPTER1 
INTRODUCTION 
1.1 INTRODUCTION 
With the introduction of skeleton structures in building constructions at the beginning of 
the 201h century, the supporting function of external walls became less essential, which 
allowed architects more freedom in the design of new faqade systems and in particular, 
so-called double faqades. A brief history of such fagades designed in Germany, starting 
from multi-layered constructions up to double glazed faqades can be found in MEYER 
(2001). 
Reflec 
Transmission can 
be by forced convection or as a re- 
A double glazed fagade system usually 
consists of a single outer pane, an air 
space and an inner window. The air 
n 
space may be ventilated and if so this 
sult of natural buoyancy-driven flow. 
The total energy transfer rate through the 
dary heat emission faqade (represented by a g-value) is de- 
termined by the transmission rate as well 
Inlet-Temperature 
Volume flow (free or forced) 
Fig. 1.1 
Scheme of radiation distribution at 
a glazed doublefaCade 
as by the secondary heat emission from 
the inner plane and depends on the opti- 
cal properties and presents of shading 
devices. 
I 
0 Outlet-Temperature 
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The secondary heat emission especially depends on the absorbed radiation at the inner 
pane as well as on the heat transfer rate from the surface to the ambient air. 
Another special application of double fagade constructions is the ventilated hybrid 
photovoltaic fagade, which typically comprises a semitransparent PV element, a venti- 
lated air space and a double glazed inner window. The air space between the outer PV 
element and the inner glazing layer may be ventilated either by a mechanical ventilation 
system or by free convection. 
While the outer and inner heat transfer coefficients depend on the external wind speed 
and the climate condition, the heat transfer coefficients within the air gap arise from the 
flow situation (laminar, turbulent, free or forced convection) as well as from the surface 
temperatures. These convective heat transfer coefficients are an important factor in de- 
termining the energy balance of the fagade, especially if the preheated air is used to sup- 
ply a heating- or solar cooling system. Due to the increasing number of office buildings 
constructed with double fagades and some controversy (see also chapter 2) regarding the 
energy consequences, the thermal effects should be estimated early on in the planning 
phase. This thesis is concerned with the evaluation of thermal situations that occur in 
double glazed fagade systems and especially in ventilated hybrid PV-fagades. 
1.2 AIM OF STUDY 
In this thesis, a thorough investigation of ventilated double fagades is carried out. In 
contrast to the well understood physical influence of radiation transfer through glazing 
and the long wave exchange between surfaces with different temperatures, the convec- 
tive heat transfer rate between surfaces with asymmetric surface temperatures combined 
with natural driven flow or forced convection is exceedingly complex and relatively 
difficult to qualify. Therefore, the focal point of this study is the determination of the 
convective heat transfer coefficients between both internal sides of a double fagade sys- 
tem. 
2 
Chapter 1: Introduction 
As can be taken from literature, Nusselt correlations, which correspond to the heat 
transfer coefficients, were examined theoretically for special cases and for individual 
applications. Because of their complex structure, theoretical fundamentals are often not 
useful in practice. In addition, detailed single investigations with CFD simulations for 
special types of fagades could not be always applied to other cases. 
To facilitate the determination of the heat transfer coefficients for practical applications, 
numerous CFD simulations were carried out. By changing the geometry as well as the 
surface temperatures and additionally the mass flow rate within the fagade - simplified 
to two single vertical plates - the heat transfer rate is derived from simulation results in 
the form of a new Nusselt correlation. Accompanying flow measurements undertaken 
by means of particle image analysis (PIV) are presented in order to support the results 
obtained with the CFD. The proposed Nusselt correlation has been developed specifi- 
cally to determine the heat transfer rate within different double fagade structures ex- 
posed to arbitrary climate conditions and for mixed flow within the facade. 
In order to estimate the thermal behaviour of a ventilated fagade at an early stage of 
building planning, a transient simulation program is needed which is able to calculate 
the dynamic energy balance that occurs in ventilated double fagades. The program must 
consider the relevant range of ambient conditions (temperature, solar radiation etc), op- 
tical properties of the glazing (transmission, reflectance, absorptance) and their depend- 
ence on the incident angle of irradiance - and finally the heat transfer mechanism within 
a double fagade including the proposed new Nusselt function. To ease the integration of 
the fagade model into a whole building simulation program that can be used by archi- 
tects and building engineers, the calculation kernel should be translated into a direct link 
library file (DLL) which is compatible with the commercial simulation programme such 
as TRNsys. 
Measurements on different types of real facades and comparisons with the developed 
simulation program are presented to should show the reliability of the theoretical model 
and its applicability in practise. This last stage is important if practitioners are to have 
confidence in the theory and models developed in this research. 
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1.3 THESIS OUTLINE 
Chapter 2 presents a literature review. Existing experience with double glazed fagades is 
summarised and the different kinds of fagades are listed. As a consequence, the flow 
situations within the fagade gap are divided into thematic groups, in particular: free, 
mixed and forced convection. 
The experimental work and test rig design are introduced in chapter 3. Additionally, the 
fundamentals of the PIV measurement system are explained within this section. 
In chapter 4, the CFD program FLUENT, including the basics of the different calculation 
models are briefly illustrated. Importantly, the parameter settings used in the simulation 
are given. Chapter 4 also contains a comparison of the CFD simulation and measure- 
ments for the examined cases: free-, forced- and mixed convection. 
Outcomes from CFD simulations and experimental results are analysed, discussed and 
compared with relevant results from literature in chapter 5. This chapter is the main 
section of this thesis as the newly-developed Nusselt correlation derived from the CFD 
calculations is introduced here. The results from temperature and heat flux calculations 
as well as comparison with data from the literature are discussed in detail. 
All of the mathematical fundamentals required for simulating a complex fagade system 
are described in chapter 6. A short overview of the developed software program is given 
in this section. Additionally, a new sub-program (Type I 11) was developed which can 
be integrated into the commercial simulation building program TRNSYS. Measurements 
on real fagadcs and test rigs are compared to the developed model in chapter 7. 
In chapter 8 comparisons between different fagade types are presented based on the re- 
sults of modelling using TRNSYs in which the newly-developed Typelll was inte- 
grated. This investigation considers the thermal effects on a single office-room and for a 
large building. Finally, the conclusions from this study are given in chapter 9. New re- 
search topics and possibilities for further study are also presented. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 DOUBLE FMýADES - GENERAL VIEW 
While early on in the development of double faqade constructions the emphasis was 
based on creative and a esthetical criteria. The constructions have become more and 
more complex with respect to their ventilation due to the increasing problems of thermal 
management. The developed construction types differ in the arrangement of openings 
and different segmentations. A brief overview of the several types is given in GERTIS 
(1999), LANG (2000), ZOLLNER (2001) and LEE (2002). An often-used characteristic 
classification relates to the type of segmentation and will be presented in the following. 
Unspanned curtain wall 
An unspanned curtain wall is the simplest form of a double fa- 
qade. In this case, a second pane is placed in front of the core 
front. The additional front pane is either closed completely or 
contains openings in the form of rabbets. The air gap is non- 
partitioned both in the horizontal and in the vertical direction. 
This faqade type is often used for sound protection against am- 
bient noise. When the side walls are closed, this type is also 
useftil for heat protection if the top and bottom openings of the 
air gap can be closed automatically by a regulation system. 
S 
Fig. 2.1 
Scheme of an un- 
spanned curtain 
wall 
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Circulating air front 
A further form of double fagade is known as the circulating air 
front. Similar to that of the unspanned curtain wall, the core 
front is encased with a closed second front pane. However af- 
ter two or three stories, the faqade is separated horizontally 
with regulated openings. Vertically-mounted ventilators pro- 
vide horizontal air circulation. This recirculating air operation 
ensures that the air gap temperature remains nearly constant 
for all orientations during the winter period. 
Corridor-FaVade 
As in the circulation air front, the corridor faqade is divided 
into vertically separated zones as well. As opposed to the case 
described above, an additional horizontal separation is added. 
Intake openings and discharge openings are normally posi- 
tioned level with the ground and ceiling respectively. In the re- 
cent past, in- and outlet openings were positioned crosswise to 
avoid the influence of re-in filtration. (See right segment of the 
graphic). 
Box-Type Window FaVade 
This popular box-type window faqade has a similar construc- 
tion to that of the corridor faqade described above. However, 
here an additional vertical separation is used. 
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Scheme of'a circulat- 
ing airfiront 
Fig. 2.3 
Scheme of a corri- 
dorfacade 
Fig. 2.4 
Scheme of a box- 
type windowfacade 
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Shaft-Box FaVade 
With respect to the air movement, the shaft-box faqade is a 
relatively complex system in which an alternating raster di- 
vides the construction into uninterrupted shafts and box-type 
windows. The box-type windows are connected to the shafts 
by overflow openings. 
As a result of the increasing number of buildings constructed with double fagades, the 
disadvantages of potentially poor thermal comfort and high construction as well as op- 
erating costs have been highlighted over the last few years. These issues are summarised 
below. 
GERTIS (1999) examined the subject of double fagade systems very critically. Under 
consideration of all of the physical influences (acoustic, fluid and thennal characteris- 
tics, energy, light penetration and fire protection), he concluded that double glazed fa- 
gades - except for in special cases - are unsuitable for the northern European climate. 
Moreover, they are much too expensive. If they are nevertheless designed in order to 
keep up with architectural fashions, building physics support is indispensable. The fol- 
lowing table (Tab. 2.1) summarises GERTIS' statements of the pros and cons of glazed 
double fagade systems. GERTIs also considers the simulation models very critically. In 
his opinion the models are not able to reproduce the thermal situation or the fluid behav- 
iour as found in practise. However, at the time of his publication, the number of pub- 
lished practical investigations and measurements were rather limited. 
HAUSER and HEIBEL (1996) compared measurements on different supply air fronts 
(opaque and translucent outer layer) with a developed transient simulation model. They 
obtained good agreement between measurements and simulated results. In terms of the 
energy situation within a building, their results showed that the ventilation heat losses 
may be reduced significantly during the heating period. 
Energetic comparisons of a conventional fagade and a double fagade system were per- 
7 
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Scheme of a Shaft- 
boxfacade 
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formed by OESTERLE et al. (1998). In their conclusions, the authors stated that the pri- 
mary energy consumption of a mechanically ventilated system could be reduced by up 
to 25% by temporarily deactivating the fan. In these cases of no or occasional air condi- 
tioning, double fagades may be economical. 
Arguments 
FOR AGAINST 
Sound protec- Reinforced sound protec Windows to the fagade gap m st 
tion tion against ambient noise be opened for infiltration. In this 
case the sound protection de- 
creases 
Heating energy Energy-saving because of Due to the fact that buildings 
(winter case) the collector principle with double fagade systems were 
normally office buildings, energy 
saving is not relevant because of 
the larger internal gains 
Cooling energy Heat can be discharged The fagade air gap becomes 
(summer case) through the fagade air gap overheated and the adjoining 
room is subject to unwanted 
gains 
Room-climate, Double fagade systems Comfortable climate conditions 
ventilation improve the room climate are possible only with mechani- 
with natural ventilation cal ventilation systems. The fa- 
gade air gap transfuses smells 
Solar protection Wind protected attach- Also possible in front of perfo- 
ment of sun blinds rated fagades of tower blocks 
Window infiltra- Possibility of open win- Also possible with adjustable 
tion dows for high rise build- windows 
ings 
Wind force, Double fagades reduces Parallel glazing in front of win- 
pressure the wind force and there- dows may reduce the impact 
fore the impact pressure pressure as well 
Fire protection Horizontal and vertical The air gap increases the flash 
separations prevent the over 
propagation of fire 
Condensation No condensation with Condensation is inevitable on the 
sufficient ventilation inner surface of the outer glazing 
Costs Double fagade systems Double fagade systems can in- 
can reduce operating crease operating costs as well as 
costs investment costs 
Tab. ZI Comparison ofarguments pro and contra ofdoublefaVade systems 
according to Gertis 
8 
Chapter 2: Literature Review 
Transient simulations of double fagades were undertaken by HAUSLADEN et al. (1998). 
Their conclusions show that the infiltration gains during the winter period reduce the 
energy consumption significantly. However, especially in summer time the problem of 
overheating leads requires an air cooling system in order to maintain thermal comfort. 
As a result, the marginal energetic advantage is not justified. 
Similar investigations were carried out by KORNADT et al. (1999). The authors com- 
pared the physical characteristics of a single leaf fagadc with different double layer fa- 
gade systems. The simulated calculations showed that buildings with two leaf fagadcs 
consume up to 40% less heating energy than those with one leaf fagadcs. However, in 
the summer time, the indoor temperature in rooms with a double layer fagade system is 
about 8K higher when there is only a single fagade. Furthermore, the authors particu- 
larly paid attention to the economic data of the building. Their calculations show that a 
double fagadc system increases the total annual costs in comparison to a single fagadc 
with a factor of approximately 50%. Finally, the remaining advantage of double fagades 
exists in the improved sound protection. 
An economic solution for a high-rise office building in the city centre was presented by 
BLum (1998). His indoor climate concept demonstrates that natural ventilation in com- 
bination with a ventilated cavity wall and with static heating and cooling may be an 
alternative to the conventional air conditioning system. The main advantages of a dou- 
ble fagade system lie, in his opinion, in a controlled, natural, air conditioning especially 
for extreme external climate conditions, sound protection, optimisation of indoor illu- 
mination by daylight, reduction of energy consumption and reduction of yearly mainte- 
nance costs of up to 50%. The disadvantages are the slight limitation of the thermal 
comfort in summer and the high investments costs. 
In contrast, GERHARDT and RUDOLPH (2000) replied that the advantage of window ven- 
tilation in double fagades by users especially in high rise buildings could be replaced by 
mechanical devices that reduce the size of the opening automatically depending on the 
wind speed. 
Detailed investigations performed on a double glazed fagade by KAUTsCH et al. (2002) 
also showcd good agrcements bctween the fluid dynamic mcasurcments and CFD- 
9 
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simulations. Their analysis focussed on two extreme flow situations in the space be- 
tween the fagade layers: free, solar and wind induced flow in the undisturbed gap be- 
tween the primary and the mounted glass fagade and complex turbulent flow conditions 
in the double glass surface area as well as around the window boxes installed between 
the fagade layers. However, the authors pointed out that CFD-simulations are not useful 
in practice because of the enormous effort to modelling the fagade construction. In addi- 
tion to the fluid dynamic measurements, the thermal situation within the building was 
monitored and compared with TRNsys-simulations. These comparisons also show rea- 
sonable agreement. In conclusion they point out that further research efforts are neces- 
sary to analyse the energy balance as well as the interaction of the fagade with the build- 
ing. 
The application of double fagades in high office buildings with a high proportion of- 
glazing in extremely moderate climates has been investigated by LEE (2002). A detailed 
description of several realised fagade constructions is presented. Theoretical examina- 
tions of different fagade constructions and parameter variations with the simulation pro- 
gram TRNsys showed positive results for some of the constructions types. 
JAcHAN (2003) examined the thermal behaviour of different wall constructions with and 
without double glazed fagades. Experimental investigations on a double fagade were 
compared with results calculated by the simulation program ESP-r. When comparing 
the investment costs as well as the costs for heating and cooling, JACHAN found that the 
double glazed fagade is less economical than a well heat protected conventional fagade. 
A further critical overview of realised buildings with double glazed fagades in Gennany 
is given in the Gennan journal DB (2004). The author describes the individual fagades 
with respect to the thermal situation as well as the costs. 
Different strategies to optimize the energy efficiency of multiple-skin facades were 
studied and compared to the results of traditional cladding systems by SAELENs et al. 
(2005). Here, three fagade types (a mechanically exhaust airflow window, a naturally 
ventilated double-skin fagade and a mechanically ventilated supply window) were scru- 
tinised. Their results show that the supply window has the highest potential to benefit 
10 
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from the optimization techniques. The double-skin fagade is also able to efficiently con- 
trol the cooling demand but is limited with respect to improvements in the heating de- 
mand. The airflow window is capable of significantly lowering the heating demand but 
is still subject to high cooling demands. 
Despite the controversy, in Germany approximately half of the large office buildings are 
being presently designed with glass double fagades. At the same time, the planning and 
realisation of double fagades is a considerable effort which is often economically unjus- 
tifiable. 'Me strong arguments between advocates and opposers of glazed double fagade 
systems also lead to an uncertain planning process. 
The thermal situation with glazed double fagades can be summarised as follows: Be- 
cause of the thermal buffer present with most double fagade types, heat losses can be 
reduced. In combination with a mechanical air circulation system, the ambient air can 
be preheated and can significantly reduce the infiltration losses. However, it should be 
mentioned that in buildings with air conditioning - especially in office buildings - the 
abundance of internal gains leads to a diminished heating rate regardless of the situa- 
tion. Therefore, the energy saving potential in these buildings is often not as large as 
might be expected. 
During the summer period, the glazed double fagade increases the fagade gap tempera- 
ture as well as the indoor temperature which results in an increasing demand for cool- 
ing. Shading devices within the fagade gap may reduce the incoming solar radiation in 
summer time with the further advantage that the blinds will be protected from wind 
forces and other ambient influences. However, these internal blinds may lead to an addi- 
tional increase of the gap temperature. As a result, the heat transmission rate can be 
higher than for a fagade which has direct contact with the ambient air. 
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2.2 VENTILATED PHOTOVOLTAIC FAQADES 
Another possible application for double fagades is a forced ventilated photovoltaic hy- 
brid fagade (PV-fagade). By replacing the prefixed pane with a semitransparent PV- 
module, amongst other things, the energy for the ventilation can be supplied. Addition- 
ally, because of the high absorption rate of the PV-panels, the gap temperature is 
strongly raised. Since the efTiciency of the PV-cells drops with increasing temperatures, 
the warmth must be dissipated as much as possible by forced ventilation and can be 
channelled directly into the building during the winter time. Therefore, the gap tempera- 
ture becomes significantly lower than in that of some conventional glazed double fa- 
gades that are ventilated by natural convection. By means of a differentiated regulation 
of the volume flow during the winter and summer periods, the optimal balance of heat 
supply and the prevention of overheating may be provided. However, the high power 
consumption of the ventilation system makes the Mconstruction. unprofitable if the 
ventilator is used only for the fagade. The main argument for PV-fagades exists because 
of standard ventilation systems present in large office buildings. For an already existing 
mechanical ventilation system, only the increased energy consumption corresponding to 
the additional pressure drops through the fagade must be considered. 
The advantages of using a hybrid PWagade can be summarised as follows: 
- Because of the ventilated gap, the transmission heat loss may be reduced during 
the heating period. 
Reduction of infiltration losses if the preheated air is feed into the building 
- The semitransparent PV-fagade forms a natural shading element. The fagade cre- 
ates glare-free light. 
During the summer period, the building may be ventilated through the fagade 
gap (only when there is no or low solar irradiance) 
Increased sound protection against external noise. 
The disadvantages are the following: 
High energy consumption for ventilation in summer 
The semi-transparency of the PV-modules prevents a maximum utilisation of so- 
lar gains in winter 
- High costs 
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Glazed double fagade in the form of a PV-hybrid fagade can be regarded as architectural 
design concept suited to prestige buildings. In comparison with other high-quality fa- 
gade types, the price is within the same range as that of ceramic-fagades, which are of- 
ten used on bank or insurance company buildings. In comparison to a representative 
granite fagade, the PWagade is more economical (AUER 1998). 
Ile thermal characteristics as well as the energy production of ventilated PV-fagades 
were determined in detail by VOLLMER (1999). MEi et al. (2002/2003), INFIELD et al. 
(2004), and EICKER et al. (1999/2000) also present a methodology for calculating the 
thermal impact on building performance of an integrated ventilated PV fagade. This is 
based on an extension of the familiar U and g values to take account of the energy trans- 
fer to the fagade ventilation air. For a public library in Spain - constructed with a venti- 
lated PV-fagade - VOLLMER compared the energy saving and electrical gains for differ- 
ent climate conditions as well as for the case of a conventional, glazed, double fagade. 
She concluded that a conventional double glazed fagade is more economical than a PV- 
fagade during the winter time. However in the special case of a library, glare-free light 
is an important factor and expensive shading devices were necessary. The high cooling 
loads associated with double glazed fagades during the summer also apply to the PV- 
system, which moreover provides useful electrical gains to offset the consumption of 
the ventilating system. A detailed examination of the ventilated PV-fagade of the library 
of Mataro, which is close to Barcelona, will be a major component of this thesis. 
MEYER (2001) analysed the influence of a hybrid double fagade system on the adjacent 
room climate. Detailed measurements of external and internal climate conditions were 
compared with numerical results from the simulation program TRNSys. He found that 
transmission losses may be reduced by up to 50%. The required electricity for vcntila- 
tion of the facade amounted to approximately 10% of the achievable gains. 
The most effective application for hybrid fagadcs may be considered in combination 
with solar cooling components. For example, the high fagadc outlet temperatures may 
be used to support a desiccant cooling system (EICKER et al. 1998, HOMER 200 1). 
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2.3 FLOW SITUATION WITHIN THE FACADE GAP 
When qualifying the thermal situation within the fagade air gap, the fluid-mechanical 
conditions are of essential importance. A double fagade system can be simplified with a 
model of two vertical parallel plates with different surface temperatures. A broad spec- 
trum of investigations on this topic is available in the literature and is classified into 
free- and mixed convection, symmetric and asymmetric heating with uniform heat 
fluxes or uniform temperatures. Generally, the developing flow is analysed with nu- 
merical techniques, while the fully developed-flow is analysed using analytical meth- 
ods. During the planning phase of a building however, these investigations lead to size- 
able costs which are usually not economic, especially for smaller construction projects. 
Therefore, most often a simplified approach in the form of Nusselt-coffelations are used 
to estimate the heat transfer within the air gap necessary for the determination of the 
fagade energy balance. 
2.3.1 Natural convection between vertical plates 
Numerical and experimental investigations of laminar free-convection heat transfer in 
vertically- parallel plate channels with asymmetric heating were presented by AUNG et 
al. (1972). They presented analytical solutions for the temperature and velocity fields. 
Like other investigations of uniform heated walls, the results for uniform wall tempera- 
tures shows that the Nusselt number was found to relate closely to the Rayleigh number 
according to a universal curve for all ratios of wall temperature differences, provided 
that the Nusselt and Rayleigh numbers are appropriately defined. Using the Schlieren 
method, their numerical predictions were found to agree well with the experimental 
results. 
Laboratory experiments on natural convection of air between vertical parallel plates 
with uniform and symmetric heat fluxes were reported by WjRTz and STUTZMAN 
(1982). They developed a correlation for calculating the maximum temperature varia- 
tion of the plates for fixed heat flux and plate geometry. The experimental results agree 
with the analytic calculations of AUNG et al. For isothermal plates, a design equation 
was found which predicts the local Nusselt number at the top of the plate when air is the 
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working fluid. However, a correlation with local Nusselt number variation over the en- 
tire plate height was not successful because the entry flow may not be treated in the 
same way as flow where plates arc spaced far apart. 
SPARRow et al. (1984) determined Nusselt numbers in an experimental and analytical 
study of natural convection in an asymmetrically-beated parallel-walled vertical cban- 
nel. All of the experiments were performed in water. The numerical results covered the 
Prandd number range from 0.7 to 10. Visualisation revealed a pocket situated adjacent 
to the unheated wall in the upper part of the channel where the flow re-circulated. How- 
ever for the heated wall, the Nusselt numbers were found to be unaffected by the pres- 
cnce of this re-circulation zone. 
Numerical results for natural convective flows between two vertical parallel plates were 
presented by RAMANATHAN and KUMAR (1991). Their results agree well with reported 
results from literature for large aspect ratios. However, for small aspect ratios, the nu- 
merical results do not agree with the correlations given in other sources. RAmANATHAN 
and KUMAR explain the discrepancy as due to the fact that the published results were 
obtained for channels where the diffusion of thermal energy in the vertical direction is 
not relevant. Their results indicate that vertical conduction should be considered for 
channel aspect ratios of less than 10 for the Prandtl number Pr = 0.7. 
Free convection of air in a vertical channel was studied experimentally in a laboratory 
model, where one of the channel walls was uniformed heated, by PICA et al. (1991). 
Their obtained Nusselt correlation deviates from other results and reflects the particular 
geometry of the model, whose ducts and 90' elbows are likely to have a strong influ- 
ence on the fluid flow structure and on the convective heat exchange. 
Direct local wall temperatures along a vertical air channel with asymmetrically-uniform. 
heat fluxes were measured by NGuYEN et al (2000). The radiative part was considered 
with two extreme values of internal surface ernissivity which equal those of an un- 
painted metal and black painted wall. They proposed a correlation for the calculation of 
a characteristic channel outlet value of the Nusselt number corresponding to the varied 
air space (0.02 - 0.06m). 
15 
Chapter 2: Literature Review 
Literature on buoyancy-driven flow in vertical channels was reviewed by OLSSON 
(2004) in order to investigate formulas for the Nusselt number and flow rate. Several 
heat transfer formulas are compared for uniform heat flux as well as for uniform tem- 
peratures. An improved formula is suggested to better capture the Nusselt numbers for 
uniform wall temperature boundary conditions. Additionally, formulas for the predic- 
tion of flow rate under natural convection are proposed. 
In addition to the flow situation between parallel plates, many Nusselt correlations for 
single, heated plates have been presented. The results as well as the formulas from 
OLSSEN and other reported experiments will be compared and discussed later. 
Because of the appearance of numerical instabilities, especially for natural convection 
and low lifting forces, the application of CFD simulations in practise often proves to be 
problematic (COOK and LomAs 1997). PEPPES et al (2001) also describe convergence 
problems for unsteady calculations in a stairway with natural convection. Ile also no- 
ticed that the kind of turbulence model chosen strongly influences the result. Long- 
standing experience and knowledge in the field of fluid mechanics is therefore neces- 
sary to reproduce real flow configurations. HAUPT (2001) compared PIV measurements 
with CFD simulations and concluded that with experience, CFD may provide valuable 
guidance in the design process. However, he comments that with buoyancy-drivcn flow 
the results must be analysed very critically. Especially with steady state simulations, 
measurements could not be reproduced. The considerable computing time which im- 
pedes extensive parameter investigations is a further problem. All of these statements 
have been confirmed by the investigations presented in this thesis. As is shown in chap- 
ter 4, the comparison between CFD simulations and measurements becomes very prob- 
lematic when dealing with natural convection. 
2.3.2 Forced and mixed convection between vertical plates 
There have been many intense studies performed on convective heat transfer in parallel 
plates. Selected recent investigations are discussed here. 
TomimuRA and Funi (1992) describe a numerical analysis of mixed convection and 
conjugate heat transfer of laminar air flow between vertical parallel plates with discrete 
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heat sources. The local Nusselt numbers are correlated by using relevant dimensionless 
parameters. 
The local turbulent flow and thermal behaviour in a vertical channel under assisting 
mixed convection was classified into several areas in terms of Gr/Re ratio and x/D by 
HUNG et al. (1992). 
Numerical calculations were performed by GAu et al. (1993) in order to study the buoy- 
ancy effect on the reversed flow structure and heat transfer processes in a vertical, one- 
sided, uniform heated duct. The authors presented local and average Nusselt numbers 
for the average heat transfer in terms of the buoyancy parameter. 
INAGAKi and KOmARi (1995) presented a numerical investigation of the transport 
mechanism of turbulently-combined convection between uniformly-heated parallel 
plates. 
The fully-developed mixed convection in a plain, vertical channel was studied analyti- 
cally by BARLETTA and ZANCHINI (1999). They showed that the choice of the reference 
temperature has a large effect on the gradient of the difference between the pressure and 
the hydrostatic pressure. 
DANov et al. (2000) present an integral formulation for the velocity and temperature 
distribution as well as for the friction factor and Nusselt number in fully developed tur- 
bulent flow between parallel plates. 
A further numerical investigation for the estimation of the effect of thermal and mass 
buoyancy forces on the development of laminar mixed convection with uniformly- 
heated walls was presented by SALAH EL-DIN (2002). 
The brief summary of several investigations that have been carried out over the last few 
years concludes with a review of a publication from BouLAmA and GALANIS (2004). 
They present an exact analytical solution for fully developed, steady-state laminar 
mixed convection with heat and mass transfer between vertical parallel plates. 
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Although the results of these studies offer important information on flow situations 
within vertical channels, a simple universal formula for all possible ranges of geometry 
or flow situations and temperatures that occur on double fagades is still a topic of scien- 
tific investigation. 
2.3.3 Convection between vertical plates in enclosures 
Although the consideration of convection in enclosures is not part of this study, for 
completeness a few references are waTdi menfiouing. yujAheymore, the outcomes of 
these investigations will be used in chapter 6.5 when modelling complex fagade systems 
where enclosures exist. 
MACGREGOR and EMERY (1969) presented results of numerical computations of free 
convection for isothermal walls and constant-heat-flux wall-boundary conditions within 
enclosures. Their comparisons with experimental results show an excellent correlation. 
Additionally, the results were compared to those of other investigators. 
An analysis which predicts the heat transfer across a fluid layer of a vertical, isothermal 
surface and adiabatic surfaces at the top and bottom was conducted by RAITHBY et al. 
(1977). They also found good agreements to exist between analytical and measured 
data. 
More detailed examinations of natural convection in square cavities could be found 
amongst others in the following references. 
Experiments on turbulent natural convection are reported in BETTS and BOKHARi (1995, 
2000). In this work, mean and turbulent temperatures as well as velocity variations 
within the cavity were measured together with heat fluxes and turbulent shear stresses. 
The temperature and flow fields were found to be nearly two-dimensional except close 
to the front and back walls. These perceptions are supported by own experimental inves- 
tigations and CFD simulations in chapter 5. 
An extensive investigation of low turbulence natural convection in a square cavity is 
given by TIAN (1997). Experimental results on two opposite asymmetrical isothermal 
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walls were compared with earlier work as well as with numerical results. This work 
contains an cxtcnsive litcrature rcview also. 
An experimental and numerical study of natural convection in an enclosure is reported 
in ZALEWSKi et al. (2000). Their experimental data was compared to results of CFD 
simulations obtained by the program FLUENT. This study highlights the difficulties in 
comparing experimental data with data resulting from CFD code, especially with 2D 
simulations. 
2.3.4 Convection in double glazed and hybrid PV-faqades 
An optimisation of the thermal performance of ventilated, glazed fagades is described 
by HOLMES (1994). He examined scenarios for the reduction of heat loss and solar gains 
for winter and summer conditions. The formulas given for the effective U value how- 
ever, do not specify the heat transfer coefficients. 
To predict the temperature behaviour as well as the flow characteristics of double fa- 
gades, GRABE (2002) developed a calculation tool to avoid complex CFD simulations. 
His predictions agree well to forced turbulent flow conditions, but deviate in cases with 
buoyancy-driven flow. 
A method based on non-dimensional analysis of a ventilated double faqade has been 
proposed by BALOCCO (2003). The method may be used to analyse the thermal energy 
performance of different fagade types with natural convection. 
SCHWAB (1993,2002) determined the convective and radiative heat transfer in a venti- 
lated fagade as well as in enclosures experimentally. He derived asymmetrical Nusselt 
functions for different climate cases. However, the fagade inlet temperature was fixed to 
20"C for all cases of forced convection. Also the Rayleigh and Reynolds numbers were 
varied only within a limited range. Because of the very close boundary conditions and 
geometries of the experimental studies in this work, the results given in SCHWAB will be 
compared and discussed in chapter 6. The ventilation behaviour of hybrid PV building 
components was presented by ViRTANEN et al. (1997). The authors compare measured 
data with calculated results by using the Nusselt correlation from SCHWAB (199 1). The 
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mean deviation of about 13% found can be explained by the non uniform air flows and 
temperatures. 
YANG et al. (1996) developed a transient simulation model for PV-wall structures in 
order to predict its thermal and electrical behaviour. The air flow in the duct and the 
heat transfer through the backing structure were included. The determination of the heat 
transfer coefficients related to the Nusslet number were not described. It is however, 
probable that the correlation presented in BRINKWORTH (2000) was used. 
A numerical and experimental study of the flow and heat transfer of buoyancy-driven 
air convection behind PV-pancls was analysed by MOSHFEGH and SANDBERG (1998). 
The authors consider the convection and radiation heat exchanges for different heat 
fluxes and emissivity of the bounding surfaces. The experimental rig consists of a uni- 
formly-heated plate and a second wall with adiabatic exclusion. When exploring the 
thermal behaviour of the air in the 6.5 m-high channel (plate distance 0.23 m), detailed 
studies of the flow and thermal fields were presented. Their numerical results agreed 
well to the experimental measurements. 
VERSLOIs et al. (1997) developed an energy model capable of predicting all of the en- 
ergy flows in a PV hybrid building fagade. The model has been validated by experi- 
ments and may be used to predict the thermal performance of a hybrid wall under realis- 
tic conditions. 
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CHAPTER 3 
EXPERIMENTAL WORK 
3.1 EXPERIMENTAL SYSTEM AND TEST RIG DESIGN 
The experimental fagade arrangement consists basically of two vertical parallel plates, 
each with the dimensions of 2m x 0.5m. One plate is divided into three segments which 
can each be cooled or heated by a cryostat. A heating foil is integrated into the other 
plate between two aluminium boards. The distance of both plates from one another can 
be varied up to 0.8m. Front and back sides of the test rig are made of acrylic glass and 
black polyvinyl chloride respectively. While avoiding a direct influence of the surround- 
ing air movement, a 0.5m high adiabatic entrance region is connected directly to the 
heated / cooled plates. The entrance region was not built in the form of a hydrodynamic 
inlet as the system should be similar to a fagade entrance region that occurs in reality 
(Fig. 3.1). At the outlet, an optional exhaust duct may be installed for use in invcstiga- 
tions of forced convection. The temperatures of the plate that is regulated by the cry- 
ostat span from -10'C up to 55"C depending on the long wave exchange with the oppo- 
site plate as well as the flow rate within the channel. The plate that is heated by the heat- 
ing foil can reach a maximum temperature of 40"C when the opposing plate temperature 
is higher than 40"C. 
Inlet and outlet temperature profiles were measured by using a series of thermocouples 
at each opening. Plate temperatures as well as ambient temperatures were recorded as 
well. Additionally, three heat flux sensors placed on each side should be able to meas- 
ure the total heat flow into or out of the plate surfaces. As a result of different plate 
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temperatures when the heating is asymmetric, the overall heat flow consists of a radia- 
tive and convective component. However, because of the unknown long wave heat ex- 
change, the separation of these components is difficult and errors are to be expected. 
Several theoretically based attempts to compensate for the long wave radiation were 
unsuccessful especially for large differences in temperatures between both plates. Here, 
the long wave radiation exchange exceeds the convective part greatly and therefore the 
errors increase with the ratio of asymmetric temperatures. Additionally, close to the 
ends of the plates, the assumption that the plates are infinite is not valid and the meas- 
ured overall heat flow is influenced by the end plate details. 
qft 
Exhaust duct (optional) 
Anemometer 
'ALr I- Mr 
Fan 
Heated / coole 
segments 
Plate with 
integrated 
heating foil 
v-U. 0111 
Fig. 3.1 View and schematic concept of the experimentalfa(! ade rig 
2. Om 
0.5m 
With forced convection, an anemometer was used to determine the volume flow rate by 
measuring the air speed rate within the outflow pipe. Taking into account the different 
cross sections of the air gap as well as the air density, this volume flow rate was con- 
verted into a fixed mass flow rate and was also used as an input for the CFD simulation. 
All temperatures were recorded with a data logger system as soon as the system reached 
thermal equilibrium. 
10 
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3.2 PARTICLE IMAGE VELOCIMETRY - PIV 
Especially in case of low air movement, flow sensors such as anemometers directly in- 
fluence the fluid stream. Furthermore, this kind of measurement provides only local 
infort-nation about the air speed without any specification of the flow direction. For non- 
stationary fluid movement, it is also important to obtain velocity data at several points 
simultaneously. Therefore, the technique applied in this study is based on particle image 
velocimetry (PIV), where tracer particles are inserted into the fluid to make the flow 
visible. 
With PIV the positions of the tracer particles are recorded before and after a defined 
time interval. Because the particles shift during this time, the local fluid velocity can be 
estimated by means of a cross correlation method. To do this, a monitored sector must 
be divided into several cells to form a grid. All of the particles within a cell are com- 
pared by means of pattern recognition and a mean value of the velocity vector is calcu- 
lated for each cell. The accuracy of PIV measurements depends essentially in the num- 
ber of located particles within a cell as well as on the cell size. To get a sufficient statis- 
tical score, a minimum of three particles must be located within each cell. Additionally, 
the pattern of the particle velocities must be similar. Particles which were entering or 
exiting a cell between any two time steps were ignored. Therefore, the chosen cell size 
depends on the expected velocity rate, the particle density and the exposure time. Small 
cells provide a high spatial resolution which is important close to the plate surfaces. 
However, for high velocity rates, the recording frequency must be increased and the 
resulting lost of brightness must be compensated by using a powerful light source. A 
more detailed description of the PIV analysis is described by SCHMITT (2003) and RAF- 
FEL et al. (1998). 
The approach used in this work is effective for flows that are close to two dimensional. 
In the case of a three dimensional flow situation, the PIV system becomes more com- 
plex. RONNEBERGER (1998) shows a method for measuring all three velocity compo- 
nents using a camera and two light sheets. In the study presented here however, the 
situation within a ventilated faqade can be considered to be two dimensional. 
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When building a complete PIV system, the components such as the particle generator, 
camera system, light sheet optics as well as the light sources must be consistent with 
one another. Fig. 3.2 shows the equipment with all of its components schematically. The 
following paragraphs describe the individual parts in detail. 
Heating/cooling plates 
Monitored segment 
Light sheet v 
, 
*: L8'. P 
optics 
Mirror 
aj 
Acquisition, analysis Nozzle 
V 
Laser (1 OW) 
and image processing 
. -Aýý Particle generator 
(He-Bubbles / Oil-Spray) 
Fig. 3.2 Schematic representation of the experimental arrangement 
3.2.1 Flow visualization with tracer particles 
In order to visualize a fluid flow for PIV measurements, small particles are added to the 
fluid. The particle concentration must be controlled in such a way that a statistical cal- 
culation of velocity is possible. In this study two different kinds of particles were used: 
helium bubbles and oil spray. 
Helium Bubble Flow Visualization: 
A history of this method is presented by MUELLER, T. J. (1983). Measurements for 
internal and external flow, including a discussion on the requirements for good 
photography and video recording are Presented by SANTANAM and TIETBOHL 
(1985). ISHIHARA et al. (1992) published the application of helium bubbles in 
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automobile passenger compartments. Using this technique, MOLLER, R. H. G. et al. 
(1997) determined the air exchange rates within an aircraft cabin. 
For this study, a special helium bubble generator was developed which provides a 
sufficiently large quantity of soap bubbles (Fig. 3.3). To compensate for the effect 
of gravity, the bubbles were filled with a helium-air mixture just until the point 
where the force of gravity was counteracted. The diameter of the bubbles ranged 
approximately from 0.5 mm to 3 mm depending on the helium or air pressure. A 
specially-designed nozzle, used to produce the bubbles, could be placed anywhere 
within the fagade air gap. The bubble film solution (BSF 1035/4) produced in 
USA can be ordered by European customers from Technolab SA, Rombach, 
Switzerland. Fig. 3.4 shows the flow-visualisation using He-Bubbles. 
He (1.6 bar) 
00 o(goo Air (1.6 bar) 0690 0 00 
000 0 0 0; 0 
00 
Nozzle 
Soap solu- 
tTTI 
tion tank 
Fig. 3.3 Schematic representation of the Helium Bubble Generator 
Fig. 3.4 Now visualization with He-Bubbles illuminated by laser light. 
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A disadvantage of the helium bubble technique is the high air pressure necessary 
for producing the bubbles. Therefore, the bubbles stream out of the nozzle at a 
high velocity. Although this velocity is rapidly reduced to that of the surrounding 
air, a present laminar movement is influenced and turbulence is created. For this 
reason, the bubbles must be -. Teaked separately near the gap inlet with the conse- 
quence that the density rate of the bubbles is reduced within the gap. 
Oil Spray Flow Visualization: 
In order to avoid the problems with the Helium-bubble technique, a second tech- 
nique was tested which used oil spray particles. Here, a medical high pressure 
nebulizer created a fog composed of very small particles (1-5 ýIrn) out of a mix- 
ture of 50% water and 50% glycol. The description 'high pressure' is misleading 
as the outlet velocity of the nebulizer-nozzle is actually very weak. The advantage 
of the oil spray technique lies in the production of a large quantity of microscopi- 
cally-small particles that exactly follow the flow stream. Fig. 3.5 shows an exam- 
ple of a flow situation visualised with the oil spray. 
Fig. 3.5 Flow visualization with oil-spray illuminated by laser light. 
In order to separate the fog into individual particles however, a very bright light 
source is necessary. As is described below, in order to create this bright light, a la- 
ser system is required with the effect that the energy heats the environment within 
and near the light sheet. 
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3.2.2 Light sheet sources and optics 
The PIV used is based on a 2-dimensional recording system. Therefore, any movement 
across the measurement plain (i. e. in the Z-axis) will be seen as a projection onto the 
planar XY-surface (see Fig. 3.6). This means that a particle moving with a large Z- 
component appears to be moving more slowly than it actually is. To reduce this effect, a 
light sheet should illuminate all of the monitored regions. The thickness of the light 
sheet however, must be suitable for the experimental arrangement, meaning that the 
thickness must be deep enough to record a sufficient number of particles over the course 
of several time intervals. 
Ax 
Projected 
area 
vx 
------------ 4:,. I vy: " 
Z Ar' 
Fig. 3.6 Schematic representation of real particle movement and the interpreted ve- 
locity parts. A particle movementfrom point A to B appears on the pro- 
jected area without the z-component. The interpreted velocity therefore is 
lower than it is in reality. 
Only particles that move within the light sheet over a longer time period - meaning that 
out of plain movement can be ignored - were recorded and evaluated. For the generation 
of a light sheet, a bright light source as well as an optical system is essential. Two dif- 
ferent possible systems are described below. 
Cold Light Source 
In the first experiments, the light sheet was created by a 150 W cold light source. 
The light was directed into bundles of glass fibre cables and split into a line. The 
escaping light was then made parallel using a cylinder lens. In this case the light 
sheet reached a depth of approximately 10cm over a length of 2m which is too 
large for some of the measurements. Furthennore, due to the beam expansion, this 
kind of source was not bright enough to illuminate and separate singular particles 
of the oil spray. Cold light systems however, do not influence the fluid field be- 
cause the light energy is too weak to increase the temperature of the environment. 
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Laser Light Source: 
In order to create a very small parallel light sheet over a wide range, a laser sys- 
tem is essential. All measurements used in this study were taken by such a system. 
The advantages are a continual brightness and the ease of guiding the light to the 
target. The disadvantage of this method is the fact that it heats the environment. 
Especially when using oil spray for the tracer particles, the temperatures within 
the thin sheet increase, because the light must be very bright. In order to obtain 
the necessary brightness over a distance of more then 2m and a width of about 
20cm with a depth of about 0.5 - I. Ocm, a powerful IOW laser was used. The 
emitted beam was expanded by a specially developed optical system into a rec- 
tangular light sheet (Fig. 3.7). 
-1-1 
I 
ca. 100 mm 
Fig. 3.7 Optical systemfor expanding the laser beam into a rectangular light 
sheet 
3.2.3 PIV acquisition and pattern recognition analysis 
The image processing system consists of a CCD-camera in combination with a frame 
grabber, a powerful computer and an analysis software package. For this study a Pullnix 
TM 6710 high resolution camera was used. The frame grabber was a Viper-Digital 
board from Correco. The image processing and pattern recognition analysis software 
PICCOLOR with a modular technique is a commercial too] developed by the research 
institute for image processing and fluid dynamics (FIBUS). Some extensions of this 
software as well as evaluation macros were developed especially for this study. 
-- -1 2-50 mm 
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During the investigations, most sequences were recorded at a frequency of 240Hz. This 
means that the system had to handle up to 240 pictures per second. With a dimension of 
648 x 200 pixels per picture, the used hardware was able to store a sequence of approx. 
6000 pictures in its RAM in real time, which corresponds to a time period of 25 sec- 
onds. 
Fig. 3.8 and Fig. 3.9 show examples of a series of pictures of recorded helium bubbles 
and oil spray particles respectively. As can be seen, the helium bubbles are larger than 
the oil spray particles. However, when using the oil spray, more particles are present 
and therefore the accuracy of the statistical evaluation is increased. 
Fig. 3.8 Fragments of a PIV-sequence with helium-bubbles as tracer particles 
Fig. 3.9 Fragments of a PIV-sequence with oil spray as tracer particles 
When dealing with 6000 pictures, the estimation of the velocity profile by pattern rec- 
ognition takes several hours. A prerequisite for a reliable estimation is the presence of 
more than three particles within each grid cell. The size of the grid must be predeter- 
mined as well. In the case described here, the grid size was usually either 16 x 16 or 32 
x 32 pixels which correspond to a spatial resolution of a few millimetres, depending on 
the camera-distance. 
The averaged correlation coefficient, specifying the accuracy of the measurements, was 
determined to be approximately 0.9 for each grid cell and for both kinds of tracer parti- 
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cles but depends on the degree of turbulence as well as on the number of particles 
within a cell. 
Fig. 3.11 shows a typical vector graphic as well as a grey surface plot of a PIV- 
evaluation. Each vector represents the average velocity within a cell. With a grey sur- 
face plot, the grey levels were interpolated between the neighbouring cells. 
Fig. 3.10 lýpictill'IP"-vec-lot-gt-al3liic (646x200 pixel). Calculatedinean values over 
a time period of approximately 20 seconds. 
Fig. 3.11 Typical PIV-velocity graphic injbrm oj'a gray level visualization. Calcu- 
lated mean values over a time period of approximately 20 seconds. 
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CHAPTER 4 
CFD-SIMULATION AND PIV-MEASUREMENTS 
4.1 THE CFD-SIMULATION SOFTWARE FLUENT 
The CFD calculations undertaken in this study were performed with the computer pro- 
gram FLUENT. FLUENT is a state-of-the-art program used for modelling fluid flow and 
heat transfer in systems with complex dimensions. The FLUENT program is however 
only a solver. In order to model the geometry as well as for the mesh generation, the 
GAMBIT pre-processor is required. 
Most of the cases that were carried out are based on 2D simulations. For this simplifica- 
tion, the assumption that the boundary front and back walls are adiabatic is essential. At 
the outset, results with different mesh sizes were compared. To reduce the calculation 
time, the biggest mesh width showing stable results was used. FLUENT offers a choice of 
several viscous models for inviscid, laminar and turbulent flow. The following descrip- 
tions of the models are extracts from the FLUENT manual and should only serve to give 
a brief overview. 
ko>-(SST) model: 
The standard kco-model is an empirical model based on model transport equations for 
the turbulence kinetic energy (k) and the specific dissipation rate (CO), which can also be 
thought of as the ratio of E to k. In addition to the standard k(o-model, FLUENT also pro- 
vides a variation called the shear-stress transport (SST) k(O-model, so named because 
the definition of the turbulent viscosity is modified to account for the transport of the 
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principal turbulent shear stress. It is this feature that gives the SST k(O-model an advan- 
tage in terms of performance over both the standard kco-model and the standard ke- 
model. Other modifications include the addition of a cross-diffusion term in the (0 cqua- 
tion and a blending function to ensure that the model equations behave appropriately in 
both the near-wall and far-field zones. 
Standard kE-model: 
The standard ke-model is a semi-empirical model based on model transport equations 
for the turbulence kinetic energy (k) and its dissipation rate (s). The model transport 
equation for'k is derived from the exact equation, while the model transport equation for 
c was obtained using physical reasoning and bears little resemblance to its mathemati- 
cally exact counterpart. In the derivation of the k-E-model, it was assumed that the now 
is fully turbulent, and the effects of molecular viscosity are negligible. The standard kc- 
model is therefore valid only for fully turbulent flows. 
Realizable ke-model: 
In addition to the standard kF. -model described, FLUENT also provides the so-called real- 
izable ke-model. The term 'realizable' means that the model satisfies certain mathemati- 
cal constraints on the normal stresses, consistent with the physics of turbulent flows. 
This model has been extensively validated for a wide range of flows, including rotating 
homogeneous shear flows, free flows including jets and mixing layers, channel and 
boundary layer flows, and separated flows. For all these cases, the performance of the 
model has been found to be substantially better than that of the standard ke-model. In 
the case of ke-model different wall treatments are available which specify the turbulence 
modelling close to walls. 
Standard Wall Function (SWF) 
Standard wall functions have been most commonly used for industrial flows. They 
are provided as a default option in FLUENT. 
Enhanced-Wall Treatment (EWT) 
The enhanced wall treatment is a near-wall modelling method that combines a two- 
layer model with enhanced wall functions. If the near-wall mesh is fine enough to be 
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able to resolve the laminar sub-layer then the enhanced wall treatment will be identi- 
cal to the traditional two-layer zonal model. However, the restriction that the near- 
wall mesh must be sufficiently fine everywhere might impose too large a computa- 
tional requirement. Ideally, then, one would like to have a near-wall formulation that 
can be used with coarse meshes (usually referred to as wall-function meshes) as well 
as fine meshes (low-Reynolds-number meshes). In addition, excessive effor should 
not be incurred for intermediate meshes that are too fine for the near-wall cell cen- 
troid to lie in the fully turbulent region, but also too coarse to properly resolve the 
sub-layer. 
The grid size was variable and depends on the geometry. For a calculation space of I Om 
x 0.2m the number of cells amounts to approximately 100-000. In x-direction, which 
corresponds to the plate distance, a bi-exponential mesh was used. The used FLUENT- 
settings and changes to the default adjustments are listened below. 
FLUENT settings: 
Model: 
Space: 213-simulation 
Time: Steady 
Viscous: Variable (kc, ko), realizable, SSI) 
Wall Treatment: Enhanced 
Radiation: None 
Zones: 
Bottom: Pressure-InIct (free convection) 
Mass-Flow-Inlet (fixed value for forced convection) 
Top: Pressure-Outlet (free convection) 
Outflow (forced convection) 
LeftSide: Wal I (fixed temperature) 
RightSide: Wall (fixed temperature) 
Solver Controls / Relaxation: 
Pressure: 0.7 
Density: I 
Body Forces: I 
Momentum: 0.3 
Turb. Kinetic Energy: 0.8 
Turb. Diss. Rate: 0.8 
Turb. Viscosity: I 
Energy: I 
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Solver Controls / Discretization Scheme 
Pressure: Body Force Weighted 
Pressure-Vel. Coupl. Simple 
Momentum: Quick 
Turb. Kinetic Energy: Quick 
Turb. Diss. Rate: Quick 
Energy: Quick 
Material Properties / Material: Air 
Density: Incompressible-ideal-gas 
A graphical extract of the faqade model designed with the mesh generator GANIBI Vis 
shown in Fig. 4.1. 
TOP: 
WALL: ' 
(fixed temperature) 
Height 
(variable) 
BOTTOM: 
(pressure-inlet or fixed mass flow) 
Fig. 4.1 Schematic view of the simulatedfaqade model in Fluent 
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4.2 COMPARISON BETWEEN CFD-SIMULATIONS AND 
PIV-MEASUREMENTS 
Within this chapter the measured velocity rates as well as the temperature profile at the 
fagade openings will be compared with CFD simulation results. The effects of the dif- 
ferent viscous models and wall treatments that were described above were analysed for 
different flow- and temperature situations. The measured wall temperatures as well as 
the measured uniform mass flow rates for mixed or forced convection were given as 
fixed CFD inputs. 
Due to the uncertain heat flow measurements (see section 3.1), only the measured ve- 
locity and outlet temperature profiles can be compared to the CFD simulation. It can 
reasonably be assumed that the heat transfer is correctly calculated if the outlet tempera- 
ture and speed profile are in accordance with the measurements, the difficult and com- 
plex realization of heat flux measurements is not necessary. Several cases were exam- 
ined considering different channel shapes and boundary temperatures as well as differ- 
ent kinds of convection (forced, free and mixed). 
in the following diagrams, all simulated values are plotted as lines and the measured 
data as dots. Here, blue/square dots represent the PIV measurements with helium bub- 
bles and gray/round dots represent the measurements with the oil-spray. Each of the 
PIV measurements (sequences) represents calculated mean values averaged over a time 
period of about 20 seconds. In some cases, further sequences were recorded to provide 
an indication of the expected measurement error. 
4.2.1 Forced convection (FQ 
The simple case of forced convection with no temperature difference between the plates 
was examined first, Fig. 4.2 and Fig. 4.3 represent the velocity profiles for several CFD 
viscous models and measured PIV data. It can be seen that for low flow velocities (Case 
FC 1, Red ýz 450), all viscous models as well as the different PIV measurements are in 
good agreement. 
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Fig. 4.2 Case FC L Comparison of measured and simulated velocity prqfiles in case 
offorced convection. (Plate distance d=0.042m, channel height If - 2m, 
adiabatic wall temperatures) 
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Fig. 4.3 Case FC IL Comparison of measured and simulated velocity profiles 
in case of forced convection. (Plate distance d-0.042m, channel 
height H= 2m, adiabatic wall temperatures) 
At the air speed of approximately 0.4m/s the laminar model deviates significantly from 
the other models and measured values, as would be expected. Although the measured 
profiles lie below the CFD calculation, the deviation of about 10% is acceptable. As is 
shown later, in some cases the differences with the PIV measurements will be greater. 
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4.2.2 Buoyancy driven flow (BC) 
The next comparison deals with natural convection. For this case, the exhaust duct and 
all other pipes necessary for forced or mixed convection were removed, allowing an 
unimpaired outlet air stream out of the top of the test rig. Here, the CFD results differ 
depending on the viscous model as well as on the used operating density (OD). In 
FLUENT, the operating density may be used to manipulate the buoyancy driven force 
instead of a pressure difference between the inlet and outlet. By default, FLUENT Will 
compute the operating density by averaging over all cells. However, in some cases bet- 
ter results are obtained if the operating density is explicitly specified. According to 
statements by the FLUENT support team, the operating density may correspond to the air 
temperature at the entrance region. Due to the very sensitive dependence of the simu- 
lated velocity profiles on the operative density, the density of the inlet air was calculated 
in terms of the relative humidity (p and of the inlet temperature T [K] as follow: 
Pair, hum --: ': Pv + Pair, dry 
with 
(4.1) 
P, ýý (P Psat / (R,, - T) 
(4.2) 
Pair, dry 
The saturated vapour pressure is expressed by GLUECK (199 1) as: 
psat ý 611 - exp 
(- 1.91275 - 10-'4+ 7.258 - 10-'8 - 2.939 - 10-4 
q2 
+9.841 .1 0-7, 
q3 
-1.92.10-9,44 
) (4.3) 
were the inlet temperatures a is in ['Cl. The universal gas constants is set to R= 287 
J/kgK for air and Rv = 462 J/kgK for water vapour. The air pressure p within the equa- 
tions as well as the operating pressure in FLUENT was set to 10 1325 Pa. In the simula- 
tion model, the channel walls were divided into three sections where the surface tem- 
peratures relate to the measured mean values. 
For the first determined case (BC 1) with free convection, the different viscous models 
were compared with the PIV measurement (see Fig. 4.4). The humidity during the meas- 
urement was not recorded in this case, however it can be assumed between 30 and 50%. 
The measured inlet temperature over three points was averaged to 22.6'C with a stan- 
dard deviation of 0.5K. For comparing the influence of the operating densities, two 
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cases were examined which comprised the measured averaged maximum and minimum 
inlet temperatures of the three measured points as well as the assumed maximum and 
minimum humidity (Tin, min = 22.3'C, (p = 30%, OD = 1.192 kg/ml and Tin, niax = 23.2'C, 
(p = 50%, OD = 1.186 kg/ml). Both cases were calculated with the kE-model. As can be 
seen in Fig. 4.4, small differences in the density (here 0.5%) will change the mean veloc- 
ity by up to 15%. The evaluated PIV measurements (kF-model, OD = 1.186 kg/m') lie 
approximately in the same range. The mean deviation between measurement and simu- 
lated values for the ke-model with OD = 1.192 kg/M3 is approximately 15%. The meas- 
urements for free convection alongside their expected accuracy, and comparison with 
the CFD simulations are summarized in Table 4.1 in section 4.2.5. 
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Fig. 4.4 Case BC L Comparison of measured and simulated velocity- as well as 
temperature profiles in case offtee convection. 
(Plate distance d=0.042m, channel height H= 2m, symmetric wall 
temperatures Ts z 40'C, inlet temperature T,, z 23'Q 
When comparing the different calculation models, the laminar model achieved results 
that are poorest in relation to the measurements. The reason for this is clear when one 
visually considers the flow situation within the air gap. Because the inlet is not hydro- 
mechanically designed, the stream movement rapidly becomes turbulent. Furthermore, 
the nozzle of the helium bubble generator works against laminar flow. Comparing the 
ho- and ke -model it can be seen that the kf; -model may represent the measured profiles 
better than the kco-model. Therefore, in all of the following evaluations, the kF. -model 
was used. 
Velocity Outlet Profile 
Free Conv. (40*C / 40*Q 
0 
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The next case (BC Ila) is similar to the case above but it contains weakly asymmetric 
wall temperatures. Again, the velocities and temperature profiles are shown. Based on 
the ke-viscous model, two CFD simulations, each with different operating densities 
were implemented. The densities correspond to the measured averaged inlet temperature 
of 22'C. The standard deviation of the three different positions of the measured inlet 
temperature is 0.2K. The humidity was not measured but it can be assumed to be be- 
tween 30 and 50%. Fig. 4.5 shows the influence of operating density corresponding to 
this range of humidity. Here 30% humidity corresponds to an OD = 1.193 kg/M3 and 
50% refers to an OD = 1.19 kg/M3 respectively. 
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Fig. 4.5 Case BC Ila: Measured and simulated velocity- as well as tempera- 
ture-profiles in case offtee convection. 
(Plate distance d=0.042m, channel height H= 2m, asymmetric wall 
temperatures Ts, ws z 36'C, Tscs z 30'C, inlet temperature Tin z 22C) 
Case Ilb (see Fig. 4-6) represents wall temperatures similar to those in the previous case 
however the plate distance here was increased to 0.2m. The measured inlet temperature 
was averaged over three points to give 16.1 'C with a standard deviation of 0.6K. The 
used corresponding operating density for the averaged inlet temperature amounts to 
1.216 kg/ml (calculated with a measured humidity of about 50%). Both other curves 
show the effects when operating densities were used which correspond to the measured 
minimum and maximum inlet temperatures (Tin, min ý 15.5'C, OD = 1.22kg/M2 and 
Ti,,,, na., = 16.7'C, OD = 1.214kg/M2). In this case the deviation of the measured surface 
temperatures of the right plate differs significantly by about 7K to the mean value of 
36'C. Close to the outlet, the surface temperature was measured to be 30'C. 
39 
Chapter 4: CFD-Simulation and PIV-Measurements 
0.6 - 
0.5 
0.4 
0.3 
0.2 
0.1 
o. o L 
0.00 0.05 0.10 0.15 0.2 
x [M] 
50 
40 
Outle t To m pe ratu re Prof ile 
Free Conv. (43*C / 36*C) 
.P FV Oil-Spray 0P ht He-Bubbles 
-ke (OD = 1.214 kg/ml) - ke (OD = t22 kg/ml) 
0.05 0.10 0.15 0.20 
x [M) 
0 Measurement -ke (OD - t214 kgiM') 
-ke(OD=t22kg/m') 
Fig. 4.6 Case BC IIb: Comparison of measured and simulated velocity- as well 
as temperature-profiles in case offree convection. 
(Plate distance d=0.2m, channel height H- 2m, asymmetric wall 
temperatures Tsý, ws z 43'C, Tsý, (, -s z 360C, inlet temperature T,,, z 16'() 
The measurements clearly show the range of variation between the different tracer par- 
ticles. While repeated measurements with the same particles provide nearly identical 
results, the spread of results increases when comparing helium bubbles and oil spray 
particles (For a more detailed description of the accuracy see also Table 4.1 as well as 
Fig. 4.26 and Fig. 4.27 in section 4.2.5). 
The visualisations shown in Fig. 4.7 highlights the results from the use of the different 
tracer particles. However, in contrast to Case BC Ilb both channel-plates were unheated 
(adiabatic) in this example. Very low forced convection exists in this case with a veloc- 
ity of approximately 0.1 M/s corresponding to a Reynolds number of about 1300. With 
the oil-spray, a flow structure is recognizable with complex eddies clearly visible. Close 
to the left side (left plate), the stream is directed upwards and seems laminar. However, 
at a small distance from the plate, the flow situation becomes turbulent. Comparing the 
same situation by using He-Bubbles, a similar turbulent structure does exist but is not 
easily visible on a single photo. However, because of the larger particle size of the He- 
Bubbles, the degree of turbulence becomes less pronounced and the movement of the 
bubbles takes on a zigzag course. Averaging the flow structure over a sequence of sev- 
eral seconds by the PIV analysis, the aberrations between oil-spray and He-Bubbles 
could be explained because of the partly downward directed flow within the eddies re- 
suiting in a decreasing mean velocity for increasing plate distance. 
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Fig. 4.7 Flow visualization in a ventilated channel by using oil-spray and He-Bubbles 
(Section of a halfplate distance, Red ýý 1300, total plate distance d=0.2m, 
adiabatic wall temperatures) 
Case III (Fig. 4.8) represents a thermal situation were one wall temperature is lower than 
the inlet temperature, and the other wall temperature is higher. Therefore, the air 
streams upwards near the warm wall and downwards near the cold one. Here, the used 
operating density corresponds to the average temperature of the inlet and the outlet. 
0.4 
0.3 
0.2 
0 
0.1 
0.0 
-0.1 
_A 2 
Velocity Profile (gap center) 
Free Conv. (1 5*C / 30*C) 
U"U 
0.00 0.04 
50 
40 
30 
20 
10 
Outlet Temperature Profile 
Free Conv. (1 5*C / 30*C) 
() I 
0.00 0.01 0.02 0.03 0.04 
x fm] 
NM easured Outlet 1111 M easured Inlet 
-ke (OD = 1199 to p) --- -ke (OD = 1.199 bottom) 
Fig. 4.8 Case BC III. Measured and simulated velocity- as well as temperature- 
profiles in case offtee convection. 
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The velocity profile is plotted for a height of I. Om starting from the base of the heated 
walls. Temperature profiles were measured and plotted out for the region at the top and 
bottom ends of the heated plates. As can be seen, the calculated velocity reproduced the 
measured values quite well. However, the measured temperatures deviate significantly. 
The reason for this could be founded in the two dimensional calculation which only 
considers a gap geometry with two opposing plates. During the measurement however, 
the front and back walls have temperatures close to the ambient temperature of about 
20'C and this affects the thermal situation within the gap significantly. This influence 
also occurs when there is mixed convection and will be discussed more detailed in tile 
next section. 
4.2.3 Mixed convection (MC) 
Before further results are presented, the effect of an exhaust duct in systems with free 
convection must be discussed. The reason behind this is the question of what happens if 
a ventilator enforces a mass flow rate lower than the one that occurs by natural 
convection with high surface temperatures. Therefore, the whole equipment for 
ventilation (exhaust duct, tubes, pipes etc. ) was used, however without the use of the 
fan. The gap shapes as well as the wall temperatures are equivalent to those in case BC 
Ilb. As can be seen in Fig. 4.9, the influence of the resistance causes a very low velocity 
profile even if the wall temperatures reach about 40'C. For this reason, the upper outlet 
can be considered to be closed. Consequently the mass flow rate evoked by forced 
convection is the dominate factor. 
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Fig. 4.9 Measured PIV velocity profiles in case of ftee convection with and 
without an exhaust duct. 
(Plate distance d 0.2m, channel height H= 2m, asymmetric wall 
temperatures Ts, ws 41 'C, Ts, ws z- 35'C, inlet temperature T,, z 16'C) 
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In case of forced or mixed convection, the influence of the operating density is no 
longer required. Therefore, only different viscous models were compared in the follow- 
ing case MC Ia. 
As is presented in Fig. 4.10, the calculated velocity profiles are nearly identical to the 
measured data. The differences between measurement and simulation amount to ap- 
proximately 10%. The calculated temperature profiles however, differ depending on the 
chosen wall treatments. The realisable kE-model as well as the kco-model obtained the 
best concurrence with the measured temperatures. Also the laminar model is useful for 
low Reynolds numbers. Comparing the averaged measured and k& model simulated out- 
let temperatures - model (EWT) the agreement is exact within the resolution available. 
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Fig. 4.10 Case MC Ia: Comparison of measured and simulated velocity- as well 
as temperature-profiles in case of mixed convection. 
(Re z 450, plate-distance d=0.042m, channel height H= 2m, uniform sym- 
metric wall temperatures Ts z 40'C, inlet temperature Ti,, z 2400 
Case MC lb is equivalent to case MC la but with a higher Re-number of 1230 (Fig. 
4.11). Although the velocity profile that was calculated with the kco-model fits better 
with the measured profile, the calculated temperatures deviate from the measured ones. 
Case MC Ila and MC Ilb also correspond to case MC Ia, however the wall temperatures 
are about I OK higher with a weak asymmetry in temperature and different Re-numbers. 
When the Reynolds number is low, the k(o as well as the kE-model provides identical 
results for velocity and outlet temperatures (Fig. 4.12). 
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Fig. 4.11 Case MC Ib: Comparison of measured and simulated velocity- as well 
as temperature-profiles in case of mixed convection, 
(Re z 1230, plate-distance d=0.042m, channel height H= 2m, sym- 
metric wall temperatures Ts: z 40'C, inlet temperature T.. z 23'C) 
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Fig. 4.12 Case MC Ha: Comparison of measured and simulated velocity- as well 
cis temperature-profiles in case of mixed convection. 
(Re 'z 450, plate-distance d=0.042m, channel height H= 2m, asym- 
metric wall temp. Ts, ws z 50'C, - Tscs z 45 OC, inlet temp. Tj,, z 24'C) 
For higher mass flow rates (Fig. 4.13), the k(o-model over-calculates the velocity close to 
the walls. In order to keep the mass flow rate constant, the velocity in this model must 
be reduced in the middle of the channel. 
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Fig. 4.13 Case MC Hb: Comparison of measured and simulated velocity- as well 
as temperature-profiles in case of mixed convection. 
(Re z 1230, plate-distance d=0.042m, channel height H= 2m, asym- 
metric wall temp. Tsws z 50'C, - Tscsz 450C, inlet temp. T,,, z 240C) 
A summary of the boundary conditions of the cases MC I to MC 11, the excepted accu- 
racy of the measurements and the deviation from the simulation results are presented in 
Table 4.2 and Fig. 4.28 and Fig. 4.29 and in section 4.2.5. 
In all of the previous cases with mixed convection, the wall temperatures were higher 
than the inlet temperatures. In the next case, MC III (Fig. 4.14), one wall temperature is 
higher than the inlet temperature and the other wall temperature is lower than it. An 
examination of the measurement accuracy shows that the measured data so differ sig- 
nificantly for the calculated velocity profiles. The standard deviation between the two 
PIV measurements amounts to 0.09m/s and the deviation of the averaged PIV meas- 
urements to the CFD simulation is 45%. Also the distribution of temperature profiles 
shows similar effects to those pointed out in case BC III for free convection when com- 
paring a real 3-climensional situation with a 2-climensional simulation. 
If the plate temperatures are lower than the inlet temperature and additionally strongly 
asymmetrical, the effects of side walls are not negligible because the warmer side walls 
clearly increase the local flow velocity as well as the degree of turbulence. In these 
cases however, the experimental setup does not correspond to a real faqade construction 
where the side walls can be considered to be thermal adiabatic borders. 
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Fig. 4.14 Case MC III: Comparison of measured and simulated velocity- as well 
as temperature-profiles in case of mixed convection. 
(Re z 450, plate-distance d=0.042m, channel height 11 2m, asym- 
metric wall temp. Ts, ws z 30OC; Tscs z 12 OC, inlet temp. Tin z2 PC) 
Naturally, the 313-effect described above also occurs if both wall temperatures are lower 
than the inlet temperature. Such a situation is represented in case MC IV (Fig. 4.15), 
which is calculated using a 213-model. PIV measurements close to a sidewall show that 
the air flow rates in this region are higher then those in the centre. 
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Considering only the outlet velocity profile which is measured at the centre of the gap- 
depth, the velocities are clearly lower than the simulated values. However, additional 
The calculated values lie between both measured profiles because for a 2-dimensional 
mixed convection model, the integration with respect to the velocity profile must corre- 
spond to the constant forced mass flow rate. 
To demonstrate the spatial effect, an additional 313-simulation was carried out for case 
MC IV. Considering theoretically a then-nal situation without forced convection and 
with plate temperatures lower then ambient temperatures, the stream flow over this plate 
would be caused in the downward direction. The sidewalls however, are warmer than 
the air within the gap and therefore an upwardly directed flow near these walls will oc- 
cur. If there was in addition a fan, the forced flow would superimpose on the buoyancy 
effect and makes the flow situation more complex. For this case the resulting 3- 
dimensional velocity profile at the gap outlet is represented in Fig. 4.16. This calculated 
flow behaviour corresponds to the measured situation (Fig. 4.15). 
1111 ih 
Fig. 4.16 3D vector plot according to case MC IV. Because of the non 
isolated side walls this surface temperatures lies between 
outer and inner air temperature and were warmer like the 
cooled plates. (Re z 450, plate-distance d=0.042m, channel 
height H= 2m, asymmetric wall temp. Tms z 13'C; 
I O'C, inlet temp. Tin z21 'Q 
So far, all of the cases in this section have been based on different temperatures for a 
constant plate distance of about 4cm. The following cases present comparisons of CFD- 
simulations with measured data for a plate distance of 0.2m and different temperatures 
as well as mass flow rates. As can be seen, in all of the following figures (Fig. 4.17 - 
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Fig. 4.21), the measurement and simulation data concur quite well. However, in some 
cases - especially when there are larger Reynolds numbers - the calculated velocities 
close to the heated walls were higher than those of the measured values. This effect 
could be explained by turbulence occurring in the experiment with higher mass flow 
rates. Visual observations of flow movement at the experimental rig sometimes showed 
time-dependant fluctuations that cannot be explained without a more detailed considera- 
tion of the surrounding conditions. But these effects point up the very sensitive behav- 
iour of the fluid movement to the ambient conditions. 
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Fig. 4.17 Case MC Va: Measured and simulated velocity- as well as tempera- 
ture-profiles in case of mixed convection. 
(Re z 470, plate-distance d=0.2m, channel height H= 2m, asymmetric 
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Fig. 4.19 Case MC Vc: Measured and simulated velocity- as well as tempera- 
ture-profiles in case of mixed convection. 
(Re z 1330, plate-distance d=0.2m, channel height H= 2m, asymmet- 
ric wall temp. Tsws z, 45'C; Tscs z 400C, inlet temp. Tj, z 18'C) 
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Fig. 4.20 Case MC VI. Measured and simulated velocity- as well as tempera- 
ture-profiles in case of mixed convection. 
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Fig. 4.21 Case MC VIL Measured and simulated velocity- as well as tempera- 
ture-profiles in case of mixed convection. 
(Re z 520, plate-distance d=0.2m, channel height H= 2m, asymmetric 
wall temperatures Tswsz 50OC; Tscs z 370C, inlet temp. TnZ16.50C) 
A summary of the boundary conditions of the cases MC V to VII, the excepted accuracy 
of the measurements and the deviation to the simulation results may be found in Table 
4.2 or in Fig. 4.28 and Fig. 4.29 or in section 4.2.5. 
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4.2.4 PIV and CFD comparisons for double faqades with integrated blinds 
To determine the accuracy of the CFD modelling when the geometric shapes become 
more complex, a shading blind was installed between the heated walls. The following 
figures represents the results of the CFD simulation in the form of the velocity as well 
as the temperature profiles in comparison to the PIV measurements. Hereby, the lamella 
positions of the shading blind were changed from a horizontal position to an angle of 
450 and -450 respectively (Fig. 4.22 - Fig. 4.24). The overall boundary conditions were: 
Plate distance d=0.2m, Channel height H= 2m, Asymmetric wall temperatures 
(Ts, cs, ieft; zý 26'C, Ts, ws,, ightz 35"C), Inlet temperature Tin ýý' 180C. 
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Fig. 4.22 Measured and simulated velocity- as well as temperature-profiles in 
case of mixed convection and horizontal lamella position 
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Fig. 4.23 Measured and simulated velocity- as well as temperature-profiles in 
case of mixed convection and 45' lamella position 
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Fig. 4.24 Measured and simulated velocity- as well as temperature-projiles in 
case of mixed convection and -45' lamella position 
The mean standard deviation between the PIV sequences of approximately 0.03mls 
agrees to the measurements which were shown above. Nevertheless, the measured ve- 
locity always exceeds the simulated values between the lamellas and the warmer left 
wall side. However in the case of very low flow rates of around 0.1 m1s, large errors 
occur because not all of the boundary conditions are accurately known, and especially if 
the constant inlet mass flow rate used in the CFD calculations did not correspond to the 
real situation. Screen shots of the calculated velocity vectors, shown in Fig. 4.25, dem- 
onstrate the flow situation between the lamellas. 
Fig. 4.25 Simulaled velochy vectors in case (? f dijftrent lawella posilions 
Despite the plate temperature differences of up to IOK, the measured and calculated 
temperature profiles at the outlet are nearly constant. The reason for this may be ex- 
52 
Chapter 4: CFD-Simulation and PIV-Measurements 
plained by the differing flow rates. The region with the higher plate temperature (right 
side) will also have a higher velocity rate. 
Similar investigations in double-skin facades for natural convection were done by 
SAFER et al. (2005). The authors proposed a comprehensive modelling of radiative and 
convective heat transfer of a double-skin faqade equipped with Venetian blind (faqade 
geometry: 3 meters high, 1,5 meters long with a channel width of 20cm). Their results 
from CFD simulations (Fluent, realizable kc-model), showed low convective heat trans- 
fer coefficients, weakly influenced by slat tilt angles and solar radiation. 
4.2.5 Evaluation of PIV-Measurements and CFD-Simulations 
Overall, the comparisons of PIV measurements with 2D CFD simulations show quite 
good agreement for flow velocities between vertical parallel plates with different tem- 
peratures. Only in the case of buoyancy driven flow are the results significantly influ- 
enced by the operating pressure or density used in the CFD calculations. An overview 
of the examined cases of free and mixed convection and the expected accuracy for PIV 
and CFD is given in Tables 4.1 / 4.2 as well as in Fig. 4.26 to Fig. 4.29. Generally the 
percentage agreement between the measured velocity profile and simulated values in- 
crease with cumulative velocities rates. The reason for that lies in the almost constant 
mean standard deviation of about 0.03m/s when PIV measurements were repeated. For 
mean velocity rates of more than 0.2m/s, the deviation between PIV and CFD is less 
than 10%. Also the averaged measured outlet temperatures correspond to the CFD 
simulation. The deviation here is usually less than 5%. 
When there is mixed convection and plate temperatures lower than the ambient tem- 
peratures, the 2-dimensional calculation can not exactly reproduce the real situation 
because the influence of the geometry as well the thermal conditions of the sidewalls are 
not negligible. Certainly these effects occur also in all other cases, but they only have a 
marked influence if the temperature of the sidewalls dominates the thermal situation. 
The experimental setup however, does not correspond to a faqade segment in reality 
because the sidewalls here can be regarded as an adiabatic thermal border. 
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If the mean outlet velocities and temperatures correspond well to the measured values, it 
can reasonably be concluded that the mean heat transfer rate from the faqade walls to 
the air gap calculated by the CFD program will be correct. This argument means that 
problematic heat flux measurements can be avoided and the results from the CFD calcu- 
lations used instead. Chapter 5 will make use of this approach to determine heat transfer 
coefficients. 
PIV-measun-nent 
Free convection Mean value CFD-simulation 
standard deviation) EEEý 
BC I Mean inlet temperature [*C] 22.6(0.5) 1 22.3 23.2 
Assumed humidity [%] 30 50 
Operating density [kgW1 1.192 1.186 
Mean outlet temperature [OCI 33.5(0.3) 33.5 32.7 
Difference PIV-CFD [K] -0.05 0.76 Standard-deviation [K] 0.90 1.08 
Mean outlet velocity [mis] 0.41 0.42 0.48 
Difference PIV-CFD [m/s] -0.01 -0.07 Standard-deviation [m/sl 0.02 0.03 
BC Ila Mean inlet temperature [OC] 22.0(0.2) 22.0 22.0 
Assumed humidity [%] 30 50 
Operating density [kg/M3] 1.193 1.190 
Mean outlet temperature ["C] 29.7(0.3) 29.3 29.8 
Difference PIV-CFD [K] 0.43 -0.05 Standard-deviation [K] 0.66 0.56 
Mean outlet velocity [m/s] 0.35(0.03) 0.33 0.28 
Difference PIV-CFD [m/s] 0.02 0.07 
Standard-deviation rm/sl 0.03 0.02 
BC Ilb Mean Inlet temperature [1C] 16.1(0.6) 15.5 16.7 
Measured humidity [%] 50 50 
Operating density [kg/M3] 1.220 1.214 
Mean outlet temperature ["C] 21.2(0.6) 22.9 21.4 
Difference PIV-CFD [K] 1.4 0.0 
Standard-deviation [K] 0.71 0.89 
Mean outlet velocity [m/s] 0.23(0.02) 0.26 0.32 
Difference PIV-CFD [m/s] -0.05 0.00 Standard-deviation [m/sj 0.04 0.03 
Tab. 4.1 Overview of the examined cases offree convection and the expected accuraCy 
for PIV measurements and CFD simulations. 
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Mixed convection PIV-measurment CFD-simulation Mean value (Std-Deviation) ke-Realizable (EWT) 
MC la Mean inlet temperature ['Cl 24.3(0.2) 24.3 
Mean outlet temperature [C] 37.8(0.2) 37.8 
Difference PIV-CFD [K] -0.01 
Standard-deviation [K] 0.29 
Mean outlet velocity [m/s] 0.21(0.01) 0.19 
Difference PIV-CFD [m/s] 0.02 
Standard-deviation [m/sl 0.01 
MC lb Mean inlet temperature [C] 23.0(0.2) 23.0 
Mean outlet temperature [*C] 32.7(0.2) 32.7 
Difference PIV-CFD [K] -0.07 
Standard-deviation [K] 0.87 
Mean outlet velocity [m/sl 0.46 0.49 
Difference PlV-CFD [m/s] -0.03 
Standard-deviation [m/sl 0.03 
MC Ila Mean inlet temperature ['C] 23.9(0.3) 23.9 
Mean outlet temperature [OC] 43.9(0.2) 44.8 
Difference PIV-CFD [K] -0.92 
Standard-deviation [K] 0.58 
Mean outlet velocity [m/s] 0.20 0.19 
Difference PIV-CFD [m/s] 0.01 
Standard-deviation [m/sl 0.03 
MC Ilb Mean inlet temperature ['C] 24.0(0.3) 24.0 
Mean outlet temperature [*C] 38.0(0.2) 38.1 
Difference PIV-CFD [K] -0.11 
Standard-deviation [K] 1.34 
Mean outlet velocity [m/s] 0.47 0.50 
Difference PIV-CFD [m/s] -0.02 
Standard-deviation [m/sl 0.02 
MC Va Mean inlet temperature ["C] 21.0(0.3) 21.0 
Mean outlet temperature [OC] 37.2(0.5) 38.9 
Difference PIV-CFD [K] -1.94 
Standard-deviation [K] 1.40 
Mean outlet velocity [m/s] 0.087 (0.02) 0.07 
Left channel side 
Difference PIV-CFD [m/sl 0.03 
Standard-deviation [m/sl 0.02 
MC Vb Mean inlet temperature ["C] 21.5(0.3) 21.5 
Mean outlet temperature [*C] 33.7 31.5 
Difference PIV-CFD [K] 1.29 
Standard-deviation [K] 0.68 
Mean outlet velocity [m/sj 0.09 0.11 
Left channel side 
Difference PIV-CFD [m/sj -0.01 
Standard-deviation [m/sj 0.03 
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Mixed convection PIV-measurment CFD-simula ion 
MC Vc Mean inlet temperature ['C] 17.9(0.3) 18.0 
Mean outlet temperature ['C] 29.6(0.3) 27.2 
Difference PIV-CFD [K] 1.30 
Standard-deviation [K] 0.81 
Mean outlet velocity [m/sj 0.12(0.02) 0.13 
Left channel side 
Difference PIV-CFD [m/s] 0.00 
Standard-deviation [m/sl 0.03 
MC VI Mean inlet temperature ['Cl 19.7(0.5) 20.0 
Mean outlet temperature ['C] 19.2(0.8) 19.2 
Difference PIV-CFD [K] 0.41 
Standard-deviation [K] 0.52 
Left channel side 
Mean outlet velocity [m/s] 0.029 (0.04) 0.032 
Difference PIV-CFD [m/s] 0.01 
Standard-deviation [m/sj 0.02 
Right channel side 
Mean outlet velocity [m/s] 0.10(0.03) 0.15 
Difference PIV-CFD [m/sl -0.04 
Standard-deviation Lm/s] 0.04 
MC VII Mean inlet temperature ['C] 16.5(0.3) 16.5 
Mean outlet temperature [ICI 36.2(0.4) 37.6 
Difference PlV-CFD [K] -2.69 
Standard-deviation [K] 2.28 
Left channel side 
Mean outlet temperature ['C] 0.11 0.086 
Difference PIV-CFD [K] 0.03 
Standard-deviation [K] 0.04 
Right channel side 
Mean outlet velocity [m/s] -0.017 (0.03) -0.008 
Difference PlV-CFD [m/s] -0.01 
Standard-deviation [m/sl 0.03 
Tab. 4.2 Overview of the examined cases of mixed convection and the expected accu- 
racyfor PIV measurements and CFD simulations. 
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CHAPTER 5 
COMPARISON BETWEEN NUSSELT-NUMBERS 
FROM LITERATURE AND CFD-SIMULATIONS 
The Nusselt number (Nu) represents the enhancement of heat transfer through a fluid 
layer as a result of convection relative to conduction across the same fluid layer. This 
number also represents the relationship between the dimensions of a body to the thick- 
ness of the thermal boundary layer. In simple cases the Nusselt number can be calcu- 
lated analytically. In complex situations however, the Nusselt correlation must be de- 
termined from experiments because the thermal boundary layer depends on several fac- 
tors such as temperature, geometric shape and flow situation. 
In this study, in addition to the Nusselt numbers, the calculated heat transfer coefficient 
will be shown since this value is more useful for practical applications. The correspond- 
ing relation is given by the following expression: 
x Nu =h .- (5.1) 
where hý describes the convective heat transfer coefficient, x the characteristic dimen- 
sion and k the heat conductivity of air. 
In Chapter 4, velocities and temperatures calculated using CFD-simulations were com- 
pared with experimental measurements. From this, it was argued that the calculated heat 
transfer rates are valid even if heat flux measurements were not available for direct vali- 
dation. In this chapter, Nusselt correlations taken from literature were compared with 
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those derived from the otherwise validated CFD-simulations. The following compari- 
sons for free and mixed convection are valid only for Nusselt correlations determined 
for symmetrical thermal conditions. Asymmetrical thermal situations have also been 
studied intensively over the last few years. However, simple practical and reliable Nus- 
selt correlations over a wider range of different temperatures are still not available. The 
thermal conditions differ for cases with uniform wall temperature (UWT) and uniform 
heat flux (UHF). Therefore the Nusselt numbers will be unequal when comparing UWT 
and UHF due to the non-uniform surface temperature in case with UHF. 
Fluent usually only calculates the local heat flow q from the surface to the fluid. How- 
ever, when a reference temperature Tef is defined, the local convective surface heat 
transfer coefficient h, ý can optionally be determined from: 
h=_q C 
TW-Tf 
(5.2) 
where T,, defines the wall temperature. In case of free convection the reference tem- 
perature corresponds to the inlet temperature and in case of forced convection to the 
mean gap temperature. For calculating the Nusselt number hc was inserted into eq. (5-1). 
5.1 NATURAL CONVECTION 
For natural convection, the state of convection within the fluid is calibrated in terms of 
the dimensionless Rayleigh number Ra.,, which is based on the characteristic length x of 
the geometric shape and is usually defined as a function of the wall height H, of the 
width d or of the ratio Hld respectively 
Ra. =g- 
ß(lw -T") x' (5.3) 
a. u 
Ra' 
(Tw - Tij d' (5.4) 
a. u(H/d) 
Reference temperature is the inlet temperature Ti,. 
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The physical interpretation of Ra with respect to fluid flow over a flat vertical plate over 
the height H may be summarised as shown below. 
RaH < 109 - fluid flow is laminar 
RaH _- 109 - semi-turbulent critical flow 
Ra, ff > 109 - fluid flow is turbulent 
In order to estimate the heat transfer rate between parallel plates, two cases were differ- 
entiated: Free convection within parallel plates and the separate consideration of vertical 
single plates. The latter case when dealing with a channel is only valid for large plate 
distances without any thermal interaction between both plates aside from the long wave 
heatexchange. 
Natural convection within parallel plates (channel) 
For natural convection between parallel plates, the characteristic dimension corresponds 
to the plate distance d. As described by BAR-COIIEN and ROIISENOW (1984), for uni- 
form wall temperatures, the Nusselt number may be estimated as follows: 
-0.5 
TUd 576 
+ 
2.873 
(5.5) -T fR Y (Ra') 
A formula recommended by MISENOW et al. (1998) is 
RUd 
= 
[Nu-'-9 
+ Nu-'-9 
]-'/"9 
fd plate 
with 
(5.6) 
Nufd = 
Ra 
; Nup,, t, -=1.32-C, -(Ra 
')1/4 
(5.7) 24 
where 
cl = 
0.671 
16]4/9 (5.8) [I 
+ (0.492 / Pr)9/ 
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Experimental data from SPARROW et al. (1985) had the best correlations with the ex- 
pression 
0.229 
NUd= 0.667 - 
(Ra') (5.9) 
The data ranged from Ra'= 200 to Ra' = 80000 and was based on the heat flux for the 
heated wall, the other wall being adiabatic. For a better fit to measured data, OLSSON 
(2004) replaced equation (5.6) with the following: 
Nd= [Nu-" + Nu-'-' 
1/1.3 
(5.10) fd plate 
]- 
where the terms may be defined with: 
Nufd = 
Ra 
Nuplate=1.32. C,. (Ra' )1/4-f ;f =I+ (Ra')--40.4 24 
whereby C, = 
0.671 
16 4/9 
(5.12) 
11+ (0.492 / Pr)9' I 
For heated channels KLAN (1976) suggested the formula: 
--2/3 
NUd 
0.333. Ra* ) 
3/2 
+ 
[0.69(Ra* )1/4 ]3/2 
where Ra* =9. 
P*('ý 
-Tn)-d 
3d 
(5.14) 
u2H 
Eq. (5.13) also corresponds to the correlation given from AZEVEDO and SPARROW 
(1985) 
[( d 
]0.24 
Nm = 0.74. H 
). 
Rad 
All correlations described above as well as the calculated heat transfer coefficients will 
be assessed in the following figures in relation of the plate height H. In this comparison 
k 
t 
62 
Chapter 5: Comparison Between Literature and Simulation 
the CFD simulations were based on the FLUENT k-E-model including the enhanced wall 
treatment (EWT). The thermal boundary conditions were set close to the values of the 
different cases described in chapter 4. 
Starting with a uniform symmetrical surface temperature of 40'C, CFD results and Nus- 
selt correlations show a similar progression (Fig. 5.1). The significant deviations in the 
calculated mean velocities using different operating densities do not affect the Nusselt 
numbers and the related heat transfer coefficients because of the similar velocity-profile 
near to the plate surfaces (see Fig. 4.4 - 4.6 in section 4.2.2). 
30 
25 
20 
-;; 15 
z 
10 
5 
0 
0.0 0.5 1.0 
H [m] 
10 
8 
76 
E 
4 
2 
ýL 
1.5 2.0 0.0 
FLUENT (OD = 1.186 kg/M3) 
FLUENT (00 = 1.192 kg/M3) 
0.5 1.0 1.5 2.0 
H [m) 
- Bar-Cohen et al Olsson 
- Rohsenow et al. Klan 
- Sparrow et al. 
Fig. 5.1 Case BC P Comparison ofNussell numbers and heat transfer coefficients 
versusfaqade height. (d = 0.04m, Tin = 23'C, T(ws) = T((,, 5) = 40'C) 
The Nusselt correlations compared above are valid for symmetric thermal situations. 
The following comparisons show the effect on asymmetrical plate temperatures if the 
Nusselt formulas given in literature are used in spite of this restriction for each wall 
separately. This was done according the experimental cases described in chapter 4 for 
different asymmetric wall temperatures as well as for two different wall distances. 
As can be seen in Fig. 5.2 and Fig. 5.3, for plate distances of 0.04m, all correlations as 
well as Nusselt numbers that are calculated using CFD are approximately within the 
same range. Close to the entrance region, the correlations from OLSSON (2004) and 
Nu-Number Heat Transfer Coefficient 
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AZEVEDO et al. (1985) agree quite well with the CFD results despite the different ap- 
proaches (UWT and UHF). 
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Fig. 5.2 Case BC Ha: Comparison ofNusselt numbers and heat transfer coefficient 
versusfa, Vade height. (d = 0.04m, Tin = 22'C, T(WS) = 36'C, T(cs) = 30'C) 
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Fig. 5.3 Case BC Ha: Comparison ofNusselt numbers and heat transfer coefficient 
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However, for plate distances of 0.2m, the best agreement between CFD simulations and 
the values taken from the published literature were obtained using comparisons with 
correlations from BAR-COHEN et al. (1984) and SPARROw et al. (1985). (Fig. 5.4 and Fig. 
5.5). 
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In all the forgoing cases the inlet temperature is lower than both plate temperatures. In 
the following examination, which corresponds to case BC III in section 4.2.2, one wall 
temperature was lower than the inlet temperature. As can be seen in Fig. 5.6 the calcu- 
lated Nusselt numbers and therefore the heat transfer coefficients for the colder plate 
show good agreements to the published correlations. However, the flow in this case is 
directed downwards and the entrance region is located at the top, corresponding to the 
coordinate 2.0m. 
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Fig. 5.6 Case BC Hb: Comparison of Nusselt numbers and heat transfer coefficient 
versusfavade height. (d =0.04m, Tin = 21.5'C, T(ws) = 30'C, T(cs) = 13.5'C) 
In order to show the limits of this application, extreme climate conditions will be pre- 
sented which never actually occur on faqades in reality. Therefore, no corresponding 
measurements exist in this case. Fig. 5.7 compares the published Nusselt correlations 
with results from CFD simulation for a wall temperature of 60'C and an inlet tempera- 
ture of -I OOC. As can be seen here, the Nusselt numbers are strongly dependent on the 
operating density which may result from different assumed air humidity. 
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Fig. 5.7 Comparison of Nusselt numbers versus JaCade height H in an extreme 
case of small plate distance, high wall temperatures as well as low inlet 
temperature. (d = 0.05m, T,,, = -I O'C, T(ws) = T(cs) = 60'Q 
Free convection over a vertical single plate 
For buoyancy-driven flow between vertically parallel plates, each plate may be consid- 
ered separately if the distance between the two is wide enough and the flow situations 
close to the plates do not affect one another. 
SCHMIDT and BECKMAN (1930) determined the average Nusselt number of a vertical 
plate with free convection: 
NUH 
= 0.48 - 
ýGrH 
which nearly corresponds to the relation given in GRIGULL et al (1988) 
NUH 
ý: z 0.5 - 
VdrýP r 
where 
Ra. 
Gr, = Pr u2 
(5.18) 
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The characteristic length here corresponds to the plate-height H. A correlation that may k 
be applied over the entire range of Ra was presented by CHURCHM, and 0 iu (1975) as 
follows: 
NUH 0.825 + 
0.387Ra' 6 
1+0.492 
)9116 ]8/27 [( 
Pr 
Or, for a better accuracy for laminar flow by using 
'/4 (5.20) Nu = 0.68 
0.67RaH 
0.492 9/16 
4/9 
Pr 
)] 
Experimental results from WIRTZ and STUTZMAN (1982) closely agree to the finite dif- 
ference calculations performed by AUNG et al. (1972) as well as to the correlation from 
SCHMIDT and BECKMAN. Their presented correlation for natural convection for symmet- 
rical isothermal plates is: 
NUH = 
0.021 - RaH (5.21) 
225 0333 11 
+7- 10-'- RaH 
] 
and similar to the correlation of ROHSENOW (1979) 
Nu 
0.042 - RaH (5.22) 
" [1+5.25.10-'-Ra' 46 
The correlations from SCHMIDT/BECKMAN and CHURCHILL/CHU were compared to the 
CFD results and represented in the following figures. The forms from CHURCHILL and 
CHU were separated into the cases of turbulent and laminar flow. With exception of the 
turbulent correlation given by CHURCHILL and CHU, the other correlations agree well 
with the M-simulation if the plate distance is wide enough. The progression from Fig. 
5.8 may be compared directly with the correlations for parallel plates given in Fig. 5.4. 
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Fig. 5.8 Comparison of heat transfer coefficients versus jaivade height H by appli- 
cation of correlationsfor a vertical single plate. (According to case BC Ilb 
in chapter 4: d=0.2m, Tin = 16'C, T(ws) = 43'C, T(cs) = 36'Q 
As is to be expected, correlation functions deviate substantially for smaller plate dis- 
tances (Fig. 5-9). In this case the Nusselt numbers for parallel plates show a better 
agreement (for comparison see Fig. 5.1). 
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Comparison of heat transfer coefficient versusfavade height H by applica- 
tion of correlations for a vertical single plate. (According to case BC I in 
chapter 4: d=0.04m, Ti,, = 23'C, T(ws) = T(cs) = 40'Q 
However, for small differences between the plate and inlet temperatures the single plate 
correlations may be useful even for smaller gaps. The results will be represented in Fig. 
5.10 and correspond to the correlations for parallel plates given in Fig. 5.6. 
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Fig. 5.10 Comparison of heat transfer coefficient versusfaqade height Hby applica- 
tion of correlationsfor a vertical single plate. (According to case BCIII in 
chapter 4: d=0.04m, Tin = 21.5'C, T(ws) = 30'C, T(cs) = 13.5'Q 
The experimental results as well as Nusselt correlations taken from literature demon- 
strate that CFD can reproduce natural convection situations with moderate temperatures 
reasonably well. However, for large differences in temperatures, the results strongly 
depend on the used operating density and require a close examination. Alternatively the 
Nusselt correlations from literature for buoyancy flow in channels are helpful when ap- 
plying the functions for each plate separately. Also, for a channel height of 2m and a 
plate distance of more than 4cm the investigations have shown that the averaged heat 
transfer coefficient - calculated by correlations for a single vertical plate - correspond to 
the CFD results when both surface temperatures exceed the inlet temperature. But this 
statement may well not apply to longer channels or other differences in temperature 
between surface and inlet. Here further investigations in free convection are required 
but this is beyond the scope of the presented work. 
Comparison with measured heat transfer coefficients 
In his diploma thesis, KILLINGER (2000) determined the heat transfer within vertical 
parallel plates in case of buoyancy driven flow. His experimental set up corresponds 
almost exactly to the experimental arrangement described in chapter 3. This evaluation 
of heat transfer coefficients was based on measured heat flow rates and temperatures. 
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Some of the results of his work will be compared with Nusselt correlations from 
OLSSON and CHURCHILL in Fig. 5.11 and Fig. 5.12 for symmetrical ly-heated plates (be- 
cause of identical surface temperatures the radiative heat exchange may be ignored 
here). For this the heat transfer rates from KILLINGER must be rearranged because his 
reference temperatures are based on the mean gap temperature instead of the inlet tem- 
perature. As can be seen, the measured data lies between the correlations Of OLSSON and 
CHURCHILL/CHu. KILLINGER'S measurements however, represent local values in con- 
trast to the correlation functions, which represent average values. 
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Fig. 5.11 Comparison ofMeasurements and correlalionfunctionsfrom literature. 
(d = 0.2m, Tin =2 O'C, T(ws) = T(cs) =4 7'C) 
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Fig. 5.12 Comparison ofMeasurements and corelationfunctionsftom literature. 
(d = 0.05m, Ti,, = 21'C, T(ws) = T(cs) = 50'Q 
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5.2 FORCED AND MIXED CONVECTION 
With forced convection, the state of convection is calibrated in tenns of Reynolds num- 
bers Re which are based on the characteristic length of the geometry as well as on the 
velocity forced by a fan. If the characteristic length is related to the height H, the Rey- 
nolds number may be expressed as 
ReH ý 
u-H (5.23) 
U 
In terms of the tube diameter or plate distance d respectively, the Reynolds number is 
defined as 
Red ý 
1) 
(5.24) 
The corresponding Reynolds number for free convection may be expressed with the 
Grashof number as follows: 
Rel,, f, e = VFG-rH/ 
2.5 with GrH= Rail - Pr (5.25) 
If the Reynolds number for forced convection is larger, the buoyancy-driven effects can 
then be ignored. For low Reynolds numbers and high Grashof numbers, free convection 
dominates. The dimensionless relation of potential and kinetic energy is defined with 
the Archimedes number: 
Ar = 
GrH 
Re'H, 
force 
(5.26) 
For heat transfer on vertical, heated walls the dominant flow may be defined according 
to the following 
Ar < 0.025 pure forced convection 
0.025 < Ar < 10 mixed convection 
Ar> 10 free convection 
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5.2.1 Nusselt correlations from Literature 
In the same manner as for free convection, for forced flow, two kinds of approaches are 
possible: flow over single vertical plates or flow between parallel plates. 
Flow over vertical single plates 
Considering a mixed flow over an isothermal single plate, CHURCHILL (1977) proposed 
a correlation for forced and free convection with the following form: 
U3 U3 NUH, force+five = 
VN 
H, free +NH, fofce, m (5.27) 
Hereby the free convection part from equation (5-19) will be repeated below 
Nu,. = 
ýO. 825 + 0.387 - 
[RaH . f(pr)]116 
12 
f(Pr)= l+ 
0.492 )9/16 
]-16/9 [( 
Pr 
The forced convection part - consisting in laminar and turbulent portions - is: 
where 
and 
22 NUH, 
force, res 
ý 
ýNUHforcelain 
+Nu H. fomcturb (5.28) 
Nuti, 
force, lam ý 0.664. Reo' - ýffi-r (5.29) H, force 
0.037-Reo-' -Pr li, forc (5.30) NUH, force, twb 1+ 2.443. Re-o', 
cý - 
(Pr 2/3_ 1 
li, fo 
As opposed to free convection over a single plate, for forced flow in channels, the refer- 
ence temperature for the Rayleigh number corresponds to the mean temperature T.. 
within the ventilated space. The Rayleigh number is therefore defined as follows: 
Ra. = 
g. P(Tw -T. 
)xl 
(5.31) 
a. x) 
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Another possibility for mixing free and forced convection described in WAGNER (199 1) 
is based on the geometrical average value for both Reynolds numbers 
e2 Re R, + RC 
2 
H, rcs 
v 
Hforce 
+ ReHfi-ec (5.32) 
where ReHforce corresponds to equation (5.23) and ReHfr,, may be expressed in form of 
equation (5.25). In this case, ReHforce in equations (5.29) and (5.30) must be replaced by 
ReH, re, An example of the relation of the different computations is shown in Fig. 5.13 for 
a uniform, symmetrical surface temperature of 40'C. 
I. E+04 
l. E+03 
x 
eq. (5.28) 
l. E+02 
l. E+01 -'0"'00000 
eq. (5.30) 
l. E+00 
l. E+02 l. E+03 l. E+04 
-Ianýnarflow -turbulentflow 
l. E+05 I. E+06 l. E+07 
ReH, res 
Lam. + turb. flow - mixed flow (Churchill) 
Fig. 5.13 Geometrical average value of Nusselt number related to laminarflow over 
aflat plate and turbulentflow within a channel. 
(d = 0.05m, Red z3 100, Ti,, =I O'C, T(ws) = 40'C) 
Flow in channels 
For fully developed floW (104 < Red < 5x 106 ) and small differences in temperature a 
commonly used correlation is that attributed to PETUKIIOV (1970): 
Nu =- 
ý/8- Red* Pr 
+(d 
)2/3 
dI+ 12.7. Vý1-8. (Pr H 
(5.33) 
where 0.184/Reo' d 
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Hereby the term I+d considers additionally the entry region. 
I(H )"' ] 
In order to obtain values that agree with data for smaller Reynolds numbers (8x 1 03 ý,, 
Red < 3xI 06), GNIELINSKI (1976) modified the correlation and proposed an expression 
with the fon-n: 
NUd, 
turb, force - 
4/8- (Red - 
looo)- Pr 
I+d) 
2/3 
(5.34) 
1+ 12.7 ., 
f4/8 
. 
(Pr 
(H 
where (1.82 -I og(Red) - 1.64)2 
MEYER (2001) examined the effect of a hybrid, double faqade system on adjacent rooms 
as well as on the energy balance. He extrapolated the average convection coefficient 
using the following expression: 
hc =3 (1.328 -AT 
U823 3+(6.4. uo' 
H 0,2 
(5.35) 
Similar to equation (5.27), the terrns under the root are to be determined using existing 
correlations for purely forced and natural (free) convection. 
In his dissertation, SCHWAB (1991) investigated flow situations in closed faqade systems 
as well as ventilated systems. Similar to this study, he studied the flow between vertical, 
parallel plates which were both asymmetrically heated or cooled. From evaluations of' 
measured heat fluxes, he proposed the following correlation: 
Grd(ws) 
c 
Grd(cs) c' 
NUd= Cl, Rec, - (5.36) d Re3 3 
1d 
Re 
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Here the Grashof numbers refer to the mean temperature T,, which must be determined 
iteratively. 
g- ßl(Tw(ws) - TýJI d3. 
Grd(c, ) =g- 
ßl(Tw(cs) - T. 
)l d' 
(5.37) 
IL) 
23 
1) 
2 
where the coefficients Cj- C4given in the following table. 
Plat 
asymmetrical heating 
(summer case) 
(warm) 0.03 1.52 0.04 0.56 
Red "ý 1.5x 1 03 (cold) 12.19 0.00 
- 
0.66 -0.55 
asymmetrical heating (warm) 1.16 0.00 0.15 -0.31 
(summer case) 
Red ýý' 1.5xl 03 (cold) 1.92 0.00 0.26 -0.37 
Heating / cooling 
i 
(warm) 0.05 1.23 0.69 -0.21 
(w nter case) 
Red "ýý 1.5x 103 (cold) 0.02 1.27 -0.05 0.4 
Heating / cooling 
i 
(warm) 1.07 0.00 0.26 -0.36 
(w nter case) 
Red ýý' 1.5x] 03 (cold) 2.89 0.00 0.09 0.21 
Tab. 5.1 Coefficients and exponentsfor the Nusseltfunctionfrom Schwab 
The correlation function is however, only valid within a small range of Grashof num- 
bers and for a constant inlet temperature of 20'C. Effects for other boundary conditions 
are considered in greater detail later in this section. 
In order to compare the correlations for flow between plates with correlations for flow 
over a single plate, the Nusselt numbers must be transformed because of the different 
reference dimensions. When dealing with a single plate, the correlation refers to the 
plate height, whereas with a channel, the corresponding dimension is the plate separa- 
tion. Therefore, a translation with the form (5.38) was used. 
NUH ý 
NUd -H 
d 
(5.38) 
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Finally, two heat transfer correlations based on the international standard drafts ISO/Dis 
15099 (2000) and the German version DiN EN 13363-2 (2002) have been considered. 
Both standards describe a method for determining the total energy transmission rate as 
well as other solar-optical parameter for windows and sun protection devices. In order 
to estimate the convective heat transfer coefficient for ventilated cavities between two 
panes, ISOIDIS 15099 proposes a mixed calculation of the heat conduction within a cav- 
ity and a term which is dependent on forced convection. 
hc. 
ixed 2-h crclosure+4-u (5.39) 
Hereby the heat transfer coefficient for an enclosure is 
hc, 
x 
(5.40) 
, ý,: Iosum ý 
NUd 'd 
where the Nusselt number 
NUd = [Nu, . 
NU2 ],, 
= (5.41) 
depends on the Rayleigh number 
Nu, 0.0674. Ra"' 1()4 <1 ()6 d 5- < Rad 
Nu, 0.0282. Ra 0.41 104 < Rad :55.106 (5.42) d11 
Nu, = l+ 1.76.1 0-'o - Ra 
2,3 Ra < 104 d1d 
with 
NU2 = 0.242 .[ 
Rad 
U72 
(5.43) 
H/d] 
and Rad ýg 
(T(WS) 
- T(CS) 
)d3 
(5.44) 
a-u 
Iso/Dis 15099 notes that there is no standard for measurements of these properties. 
Therefore, the calculation method of this clause shall be considered as provisional and is 
for information purposes only. 
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Here the Grashof numbers refer to the mean temperature T. which must be determined 
iteratively. 
g-PI(Tw(ws)-T. )Id' T )ld 3 Grd(ws) :-2; Grd(cs) -4 
g-PI(T", (Cs)- m (5.37) 
1) u2 
where the coefficients CI - C4 given in the following table. 
Plate C, C2 C3 C4 
asymmetrical heating 
(summer case) 
(warm) 0.03 1.52 0.04 0.56 
Red < 1.5xl 03 (cold) 12.19 0.00 0.66 -0.55 
asymmetrical heating (warm) 1.16 0.00 0.15 -0.31 (summer case) 
Red ý" 1.5xl 03 (cold) 1.92 0.00 0.26 -0.37 
Heating / cooling 
i 
(warm) 0.05 1.23 0.69 -0.21 (w nter case) 
Red < 1.5xl 03 (cold) 0.02 1.27 -0.05 0.4 
Heating / cooling 
i t 
(warm) 1.07 0.00 0.26 -0.36 
(w n er case) 
Red ýý' 1.5xl 03 (cold) 2.89 0.00 -0.09 0.21 
Tab. 5.1 Coefficients and exponentsfor the Nusseltfunctionfrom Schwab 
The correlation function is however, only valid within a small range of Grashof num- 
bers and for a constant inlet temperature of 20'C. Effects for other boundary conditions 
are considered in greater detail later in this section. 
In order to compare the correlations for flow between plates with correlations for flow 
over a single plate, the Nusselt numbers must be transformed because of the different 
reference dimensions. When dealing with a single plate, the correlation refers to the 
plate height, whereas with a channel, the corresponding dimension is the plate separa- 
tion. Therefore, a translation with the forrn (5.38) was used. 
NUH 
-,: NUd 
(5.38) 
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Finally, two heat transfer correlations based on the international standard drafts Iso/Dis 
15099 (2000) and the German version DIN EN 13363-2 (2002) have been considered. 
Both standards describe a method for determining the total energy transmission rate as 
well as other solar-optical parameter for windows and sun protection devices. In order 
to estimate the convective heat transfer coefficient for ventilated cavities between two 
panes, ISO/Dis 15099 proposes a mixed calculation of the heat conduction within a cav- 
ity and a term which is dependent on forced convection. 
,, =2. 
hc.,.,. +4-u hc., i., (5.39) 
Hereby the heat transfer coefficient for an enclosure is 
hc.,,,.. = 
NUd' 1% (5.40) 
d 
where the Nusselt number 
NUd = [Nu Nu, ]. 
depends on the Rayleigh number 
Nu, = 0.0674. Ra 
1/3 5 -104 <Rad < 
106 
d11 
041 104 < Rad :g5.106 (5.42) Nu, = 0.0282. 
Rad* 11 
23 < 104 Nu, = l+ 1.76.10-10 -Rad* 
[Rad 1 
with 
NU2= 0.242 .[ 
Rad -0,272 
(5.43) LH/d_ 
and Rad =g-P 
(T(ws) 
- T(cs)) d3 
(5.44) 
a-u 
Iso/Dis 15099 notes that there is no standard for measurements of these properties. 
Therefore, the calculation method of this clause shall be considered as provisional and is 
for information purposes only. 
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The German norm DIN EN 13363-2 simplifies the determination of the Nusselt number 
to: 
NUd-A. 035-Ra'd"' (5.45) 
without detailed consideration of different Rayleigh numbers. 
5.2.2 New proposed Nusselt correlation for mixed convection 
In order to determine the heat transfer rate with mixed convection, an extensive CFD 
parameter study was done with over 200 simulations. The used thermal boundary condi- 
tions were varied over a wide range and also included combined temperatures that are 
unlikely with typical climate conditions. 
BOUNDARY CONDITIONS: 
Plate Distance: 0.05m - 0.5m 
Red: 500 - 6500 L 
Inlet Temperature: -10*C - +300C L 
Surface Temperature: -10*C - +600C 
The CFD simulation results were used to formulate the following new Nusselt coffela- 
tion which is similar to the relation proposed by CHURCHILL (see equation (5.27)): 
Nu. = 
ý[ýNH 
i + 
NuHfd 
,. i 
+ Nu3Hfd 
] 
(5.46) 
This equation consists of terms which represent on the one hand an expression for 
mixed flow over a heated single plate (NuH,, ni,, ) and on the other hand, an expression 
for 
the fully-developed turbulent flow within a channel (NuH, fd) which corresponds directly 
to the form given by PETUKHOV (See equation (5.33)). 
Nu 
4/8-Red-Pr_. [, 
+( 
d 
2/3 ] 
. 
(H 
(5.47) H, fd - 2/3_ 1+12.7-ý4/8 . 
(Pr 1) H) d 
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Here, the friction factor was set to 0.18 / Re"' and the transforming factor (Hla) must d 
be used in order to transform the Nusselt number Nud, which relates to the plate distance 
d, into the Nusselt number NuH, which is based on the plate height. 
The term Nug,. i.,, which includes the Nusselt correlation for a single plate must be dif- 
ferentiated for two different flow rates. For u<I. Orn/s, which represents the average 
velocity between both plates, Nug. j., is of the form 
uGaP 
+0.32 Rec (5.48) NUH, mix = 
(-0.32. 
uo 
Hýrm * ý, 
rpr 
where uO = I. Orn/s. The exponent c is 0.63 for symmetrical plate temperatures or plate 
distances of d>0.4m. For asymmetrical plate temperatures and plate distances of d< 
0.4m, the exponent may be set to c=0.61. For higher velocities (u > LOMA), uG,, p is 
f Ned to the permissible maximum rate of I -Om/s. In this case, the relation of uG,, p / uo is 
1.0 and therefore Nug. u becomes zero. Consequently, equation (5.46) will be reduced to 
equation (5.47). 
ReH, ms contains the overlay 
function of free as well as of forced flow and may be calcu- 
lated using the expressions given in equation (5.32). 
ReH, 
res=, ýFRe2H, f. + 
Re2Hfi., 
u-H 
where 
ReHfiorce =u; Re,,,,, = qrdr--HI2.5 
and GrH(ws) = 
9. P INWS) - GrH(CS) =9 -PI(T(cs) -T. 
)l H3 
(5.49) 
1) 2u2 
where GrH(Ws) represents the buoyancy-driven flow for the wanner plate and GrII(CS) that 
of the coldcr plate. 
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The average temperature T,, must be determined iteratively with 
hc(ws ý T(ws) +hc((, S) T(cs) 
n hc + hc 
T (WS) (CS) Ac 
(he(ws) +hc((-s))/ u -c. p 
mA hc(ws) + hc((, s) 
c( U-C-P 
+ 
hc(ws) -T(ws) +hc((-s) T((, s) 
hc(ws)+hc(cs) 
where h, = 
Nu -ý, and Null is equivalent to equation (5.46) H 
(5.50) 
The newly-proposed Nusselt correlation is only valid for forced convection. Very low 
velocity rates are however allowed. The determined cases include flow velocities within 
the air gap between 0.06m/s to approximately 2.0m/s. 
Comparison between results from CFD simulation and new Nusselt function: 
Although the new Nusselt function was derived from simulations, the results may be 
different from the original O'D outputs because of the wide range of varied boundary 
conditions. An example of this will be plotted in Fig. 5.14 for plate temperatures of 
40'C, an inlet temperature of 30'C, as well as an average velocity rate of 0.2m/s. 
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Fig. 5.14 Comparison of calculated heal flow rates and outlet temperatures Jbr 
symmetrical plate temperatures 
(d - 0.05m, u(;, Il, - 0.2mls, Red - 550, Tj,, ý 30'C T(w, ý) = T((-, ý) = 40'C) 
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In comparisons with symmetrical surface temperatures, the CFD results mainly agree 
well with the new correlation function for heat fluxes and outlet temperatures. The mean 
fluid temperatures and the heat transfer coefficients also showed the same progression 
(Fig. 5.15). 
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Fig. 5.15 Comparison oj'calculated mean lemperalures and heal lran. ýPr coýft 
cientsfor symmelrical plate temperatures. 
(d -- 0.05m, u(;, Il, z 0.2mls, Red z 550, T,, 300C T(; jv, ý) 400C) 
With asymmetrical wall temperatures, the comparison shows small difTerences ill heat 
flux and outlet temperature (Fig. 5.16). The reason for this lies in the different fluid tel-n- 
peratures. Because the fluid temperature serves as a rellerence temperature lor the calcu- 
lated Rayleigh numbers as well as for the heat fluxes, this value is an important 1"Ictor 
which may influence the results. 
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As can be seen in Fig. 5.17, the iteratively-determined mean temperature for the new 
correlation is lower than that in the CFD simulation. Equally, the derived heat transfer 
rates lies between the heat transfer coefficients (calculated by CFD) for the warmer and 
the colder plate side. 
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Fig. 5.17 Comparison of calculated mean temperatures and heat transfer coeffi- 
cientsfor asymmetrical plate temperatures. 
(d =0.05m, uGAp z 0.2mls, Red z 550, Tin =30'C T(ws) =600C, T(cs) =20"C) 
The effects are almost compensated when combining the lower reference temperature 
with the different transfer coefficients and result in small errors for the heat fluxes as 
well as the outlet temperatures. 
Generally, the comparisons between CFD-simulation and Nusselt correlation agree 
quite well for symmetrical surface temperatures in cases of mixed and forced convec- 
tion. However, depending on the boundary condition and the degree of asymmetrical 
surface temperatures, differences can increase but the deviations in heat flow and outlet 
temperature between the CFD simulation and the correlation function is normally less 
than 10% (referring to the highest heat flow rate). In some cases, the deviations amount 
to more than 100%, but here the absolute values are close to zero and can safely be ig- 
nored. By testing the new correlation function with the original CFD results, the outlet 
temperatures as well as the heat fluxes into the warm and cold plates were compared 
and shown below for a few different boundary conditions (Fig. 5.18 - Fig. 5.20). Here, 
the chart titles label the faqade surface temperatures. When comparing the heat flow, 
WS stands for the warmer and CS for the colder faqade side. In order to check the accu- 
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racy of the developed correlation, all of the simulations that were done were compared 
and are presented in annex 1. 
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Fig. 5.18 Comparison of calculated heat flow rates and outlet temperatures for 
summer thermal conditions. 
(d=O. 05m, uGAp z 0.2mls, Redz 550, T,, = 300C T(ws) = 40'C, T(cs) =20'C) 
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Fig. 5.19 Comparison of calculated heatflow rates and outlet lemperaturesfor win- 
ter thermal conditions. 
(d=0.05m, uGAp z 0.2mls, Red z 600, Tn= -100C T(ws) =200C, T(cs)ý-IOOC) 
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Fig. 5.20 Comparison of calculated heat flow rates and outlet temperatures in a 
winter climate and a high rate of solar absorptance resulting in high 
plate temperature. 
(d=O. 16m, UGAP ýý- 0.06mls, Red z 600, T,, = OOC T(ws) = 40'C, T(cs) -- 200C) 
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5.2.3 Comparison between new Nusselt function and correlations 
from literature 
Comparison with Nusselt correlations for single isothermal plates 
The next four graphs compare the new correlation function with CFD results and pub- 
lished correlations for vertical single plates. 
As can be seen in Fig. 5.21, for high velocity rates as well as for small plate distances, 
the correlations from literature can not reproduce the results obtained in the CFD calcu- 
lations. However, for moderate velocities and a plate distance of 0.16m, the correlation 
developed by CHURCHILL fit quite well to the calculated heat transfer coefficients (Fig. 
5.22, Fig. 5.23). 
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Fig. 5.21 Comparison of heat transfer coefficients versus favade height H by aPPli- 
cation of correlationsfor vertical single plate and mixed convection. 
(d = 0.05m, uGAP z 1. Om/s, Red z 3500, T, =I OOC, T(ws) = T(cs) = 40'Q 
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Fig. 5.22 Comparison of heat transfer coefficients versusfavade height H by appli- 
cation of correlationsfor vertical single plate and mixed convection. 
(dA. 16m, UGAP ý'-- 0.3mls, Redz 3200, Tin=30'C, T(ws =40'C, T(cs) =20'C) 
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Fig. 5.23 Comparison of heat transfer coefficient versusfavade height H by applica- 
tion of correlationsfor vertical single plate and mixed convection. 
(d=O. 16m, uGAp z 0.3mls, Red z 3200, Tin=30'C, T(ws) =60'C, T(cs) =20'C) 
Also for small gaps and low velocities, the correlation given by CHURCHILL can repro- 
duce the calculated situation (Fig. 5.24). 
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Fig. 5.24 Comparison of heat transfer coefficient versusfacade height H by applica- 
tion of correlationsfor vertical single plate and mixed convection. 
(d=O. 05m, uGAp z 0.18mls, Red z 550, Ti, =300C, T(ws) =60'C, T((-,, s) =20'Q 
To summarise, it can be said that the heat transfer formula for single vertical plates and 
mixed convection relation proposed by CHURCHILL can be also used for ventilated 
channels with asymmetrical plate temperatures if the forced convection part is moder- 
ate. In most cases however, correlations using Reynolds numbers derived from equation 
(5.28) provide higher heat transfer rates. 
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Comparison with Nusselt correlations for ventilated channels 
Comparisons between functions for forced convection in vertical channels and the new 
correlation will be presented in the following figures. As can be seen for a high flow 
velocity rate (u z 0.8 m/s), all of the compared functions show the same progression 
(Fig. 5.25). In cases with high Reynolds numbers, the buoyancy effect can be ignored 
and the heat transfer rate is determined only by the forced convection. A diffierentiated 
consideration of the convection coefficients for different plate temperatures is therefore 
unnecessary. For smaller channel geometries however, as well as Reynolds numbers of 
about 3.4xlOI - which corresponds to an average velocity rate of I. Om/s - the relations 
differ, in some cases, substantially (Fig. 5.26). 
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Fig. 5.25 Comparison of heat transfer coefficient versusfaVade height H by applica- 
tion of correlationsfor channels and mixed convection. 
(d = 0.2m, uGAp z 0.8 m/s, Red z 10000, Tn = 20'C, T(ws) = T(cs) = 40'Q 
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Fig. 5.26 Comparison of heat transfer coefficient versusfavade height H by applica- 
lion of correlationsfor channels and mixed convection. 
(d = 0.05m, uGAp z 1. Omls, Red z 3400, Ti,, =I OIC, T(ws) = T(cs) = 40'C) 
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Considering low forced flow rates in combination with asymmetrical plate tempera- 
tures, the Nusselt expressions from PETUKHOV and GNIELINSKI given above cannot be 
used with confidence. Only the correlations given by MEYER (2001) and by SCHWAB 
(1991), which contain terms for buoyancy-driven flow, are useful for comparisons in 
cases with low Reynolds numbers. The first comparison refers to a small channel sys- 
tem of 0.05m and a Reynolds number of about Red z 550. As can be seen in Fig. 5.27, 
the results of the CFD simulation as well as the correlations given in literature fit the 
newly-proposed Nusslet function. Also, for a wider plate distance (0.16m) and an aver- 
age gap velocity of 0.3m/s, the correlation given by MEYER fits well with the calculated 
data. The function developed by SCHWAB however, is not able to accurately reproduce 
the simulated values (Fig. 5.28). 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 
0123456789 10 
CFD-Correlation (WS) 
CFD-Correlation (CS) 
CFD-FLUENT (WS) 
CFD-FLUENT (CS) 
- Schw ab (WS) 
Schw ab (CS) 
- Wyer (WS) (CS) 
Fig. 5.27 Comparison of heat transfer coefficient versusfacade height H by applica- 
tion of correlationsfor channels and mixed convection. 
(d=O. 05m, uGAp z 0.17mls, Red z 550, Tin=20'C, T(ws) =30'C, T(cs) = 12'Q 
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Fig. 5.28 Comparison of heat transfer coefficient versus faVade height by applica- 
tion of correlationsfor channels and mixed convection. 
(d =0.16m, uGAP z 0.3mls, Red z 3500, Tin= IO'C, T(ws) =60'C, T(cs) =40'Q 
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Finally, a case is presented in which the heat flow direction near the colder wall was 
dependent on the faqade height. This thermal situation leads to a numerical indetermi- 
nacy because at a certain distance from the inlet, the fluid temperature is equal to the 
wall temperature which results in an adiabatic point (q = 0). Close to this region, the 
difference in temperature between fluid and wall approaches zero (dT40) and therefore 
the heat transfer rate becomes indefinite (hc = q/dT). The asymptotic course of this 
situation is depicted in Fig. 5.29. 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 T 
CFD-Correlation (WS) 
CFD-Correlation (CS) 
CFD-FLUENT (WS) 
CFD-FLUENT (CS) 
Schw ab (WS) 
Schwab (CS) 
Meyer (WS) 
Meyer(CS) 
9 10 
Fig. 5.29 Comparison of heat transfer coefficients between CFD-correlation and 
junctionsfrom literature. 
(d=O. 16m, UGAP z 0.06mls, Redz 550, Tn ý30'C, T(ws) =60'C, T(cs) =40'C) 
Compared to the course of the CFD correlation for the warm side (thick red line), the 
real course for the colder side must be similar, but shifted downward. As opposed to the 
function given by SCHWAB, the correlation given by MEYER as well as the newly- 
developed function are able to reproduce this in an approximately correct manner. 
The measured results from SCIIWAB's detailed investigations for asymmetric heated 
faqades will be checked thoroughly in comparison with the new Nusselt function. In 
order to do this, the boundary conditions were set to be identical to SCHWAB'S measured 
thermal situation. As can be seen in Fig. 5.30 the measured heat flux from SO IWAB and 
the calculated data from the newly-developed function agree with one another suffi- 
ciently for symmetrical plate temperatures and for some cases of asymmetrical thermal 
situations. Nearly half of the compared cases however differ significantly, whereby the 
heat flow into the warmer plate, calculated by the new function, is constantly higher 
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than the values in the measured data from SCHWAB. The reason for this could be the 
influence of the radiative heat transfer rate which SCHWAB calculated separately and 
subtracted from the general measured heat transfer value. Especially at the ends of the 
walls, the assumption of infinitely expanding parallel plates is not valid and influences 
the used calculation model for radiative heat transfer rates. 
Theses differences however, did not occur when the outlet temperatures were compared. 
In this case, the measurements from Schwab fit quite well to the CFD-simulation re- 
sults. 
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Fig. 5.30 Comparison of heat flow q and outlet-temperatures between CFD- 
correlation and measurementsfrom Schwab 
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Comparison with correlations from ISO/DIS 15099 and DIN EN 13363-2 
In relation to the calculation standard methods of Iso/Dis 15099 and to the German ver- 
sion DIN EN 13363-2 described in equations (5.39) to (5.45), several comparisons with 
the new correlation function were carried out in this section. Fig. 5.31 depicts the heat 
transfer coefficient versus the height for a ventilated hybrid PV faqade for cases of typi- 
cal thermal situations that occur in the summertime. The temperature of the outer PV- 
pane was set to 60'C and the inner faqade side, adjoining the room, was set to 300C. 
With an accepted average air velocity within the gap of 0.16m/s and a faqade inlet tem- 
perature of 30'C, the progression determined by Iso/Dis 15099 is similar to the new 
correlation function. The simplified model described in DIN EN 13363-2 however, devi- 
ates enormously. 
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Fig. 5.31 Comparison of heat transfer coefficients determined by DIN 13362-2 and 
ISOVDIS 15099. 
(d=0.16m, UGAP ýý 0.33mls, Redz 3300, Tn=300C T(ws)=60'C, T(cs)=30'C) 
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Fig. 5.32 Comparison of heat transfer coefficients determined by DIN 13362-2 and 
ISOIDIS 15099. 
(d=O. 05m, uGAp z 1. Omls, Red z 3200, Tjn=30'C T(ws) =60'C, T(cs) =30'C) 
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Using the same thermal conditions but a smaller plate distance and a higher velocity 
rate, both standardized methods become nearly identical but still different from the CFD 
correlation (Fig. 5.32). For moderate differences in temperature and a high air speed rate 
within the gap, the correlation function as well as the norm methods lie close together 
(Fig. 5.33). 
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Fig. 5.33 Comparison of heat transfer coefficients determined by DIN 13362-2 and 
ISOIDIS 15099. 
(d=0.05m, uGAp z 0.5mls, Red ýý 1700, Tj, =200C T(ws)=30'C, T(cs)ý25'C) 
The results of a simulated winter case are shown in Fig. 5.34. Using a small gap width, a 
moderate air speed rate and surface temperatures of 20'C and I O'C, the heat transfer 
coefficient calculated using ISO/DIS 15099 lie exactly between the curves for the cold 
and warm surfaces determined separately by the CFD correlation. The DIN EN 13363-2 
CFD-Correlation (WS) 
CFD-Correlation (CS) 
DIN 13362-2 
- kSO/DIS 15099 
however, results in higher values. 
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Fig. 5.34 Comparison of heat transfer coefficients determined by DIN 13362-2 and 
ISOIDIS 15099. 
(d=O. l6m, uGAp z 0.15mls, Red'ý 1800, Tin=O'C T(ws) =20*C, T(cs) = IOOQ 
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The last comparison, with thermal conditions similar to the case before but with a 
higher air speed rate, also shows that the heat transfer coefficients determined by the 
norm methods are incorrectly predicted. 
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Vig. 5.35 Comparison of heat transfer coefficients determined by DIN 13362-2 and 
ISOIDIS 15099. 
(d=0.05m, uGAp- 0.5mls, Red"ý5 1700, Tn=]OOC T(ws)=200C, T((-s)=IO'C) 
It can be stated generally that the DIN EN 13363-2 and ISO/Dis 15099 calculation meth- 
ods are not be able to reproduce the correlation developed using CFD simulations. 
While the Iso/Dis 15099 method agrees quite well with the CFD results for some cases, 
the simplified DIN EN 13363-2 model usually leads to higher heat transfer rates. 
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CHAPTER 6 
MODELLING A COMPLEX FAIýADE SYSTEM 
In order to calculate the thermal characteristics of ventilated faqades during the planning 
phase, a simulation program was developed which contains the new empirical Nusselt 
correlation for the ventilated gap as well as a representation of transient response of the 
whole fagade system. The dynamic thermal model for ventilated faqades that was de- 
veloped is based on a numerical solution of the one-dimensional heat conduction ap- 
plied to both sides of the ventilated faqade. Generally, the ventilated faqade system con- 
sists of an air space between two solid boundary walls. However, in the developed 
simulation model, the massive fagade construction could be more complex. An example 
of a possible construction for a hybrid solar fagade is shown in Fig. 6.1. A PV-1ayer 
embedded between two glazing layers builds the external boundary and a double glaz- 
ing window, the internal boundary. The airspace between the outer and inner layers may 
be ventilated by forced convection or natural ly-dri ven flow. 
Glazing layer 
Air cavity layer 
Ventilated air space 
PV-Layer 
t 
Fig. 6.1 Schematic representation ofa hybrid solarfavade system with seven different 
layers 
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Aside from the construction described above, the following choice of layer-types can be 
combined arbitrarily. 
- Massive opaque layer with optionally heat sources 
- Massive transparent layer (pane) with optical properties such as reflectance, ab- 
sorptance and transmittance (the optical properties may be used optionally with 
dependence on the incident angle) 
- Massive PV layer. Semitransparent layer with photovoltaic elements, consider- 
ing converted electrical power with dependence on layer temperature. 
- Ventilated air gap (massless): Consideration of long wave radiation exchange 
between adjacent layers as well as convective heat transfer rate. 
- Air cavity (massless): Consideration of long wave radiation exchange between 
adjacent layers as well as convective heat transfer rate. 
- Shading blind: Semitransparent layer to simulate a shading blind between two 
ventilated air gaps. 
In the following sections, the mathematical fundamentals for each kind of layer will be 
described in detail. 
6.1 MASSIVE OPAQUE LAYER 
In order to simulate the thermal situation within solid elements, the calculations are 
based on the one-dimensional transient heat conduction equation. The transient consid- 
eration makes it possible to consider the then-nal mass of a construction and therefore 
the time-dependent behaviour of double faqades or other walls. On the following page, 
the derivation of the analytical function from the heat conduction equation is shown. 
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For transient problems the energy balance in a volume element during a time interval At 
is equal to the heat transfer into the volume element from all of its surfaces plus the 
generated heat within the volume element (Fig. 6.2). 
At + At + G,,,, - At = AE 
G 
ý01 
Q 
left 
In. 
ght 
n. 1 0 
+ý 0 
1 Tn I 
k,, 
n-1 
Ax 
n+l 
Fig. 6.2 Energy balance on a volume element 
divided by At equation (6.1) becomes: 
Ol. + o"', + 6', = 
AE 
= pcv"le.,,,, 
AT 
= PCV 
Tn, 
t+l - 
T, 
(6.2) 
At At element At 
where T,,,, and T,,,, +, are the temperatures of node x at the time I and 1+1 respectively. 
T,,, t and T,,, +, represent the change in temperature of the node during the time interval At 
and simply compose the finite difference approximation of the partial derivative 6T/&. 
Written in the forms of heat flows and with Vi,,,,,, =A 'Ax equation (6.2) can be rear- 
range to: 
kA (T,, Tk-T,, ) +A- Ax = pcAAx - 
T""+' T"" 
AX ") AX 
A(T,,,, 
At 
By multiplying the equation with 
I, 
it can be simplified to: A- Ax. k 
, +T,, +, g., =I. 
T,, 
+, -T 2T 
AX2 +ka At 
(6.3) 
(6.4) 
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where the property a=k is the thermal difftisivity of the material which represents 
PC 
the speed at which the heat is conducted through a material. g,,,, represents the rate of a 
heat source inside the element. Equation (6.4) corresponds directly to the numerical 
solution of the one-dimensional transient heat conduction within a wall. 
a'T 
+ 9"'1 =I 
aT (6.5) 
ax, ka at 
aT T- T"', a'T T -2T,, +T,,,, with the time-step: and spatial-step: --` at At aX2 AX2 
The left side of eq. (6.5) represents the finite difference formulation of the problem for 
the steady case. By entering an explicit or implicit time-step, the left side can be ex- 
pressed as: 
Tn -2Tn +T -I, t j ! +lit + 
ý! "" (explicit) 
AX2 k 
or 
Tn-l, t+l - 
2Tn, 
t+l + Tn+l, t+l +-ý2-, ", (implicit) AX2 k 
Combining the explicit and implicit method, the numerical formulation of the one- 
dimensional transient heat conduction equation becomes: 
2T,,, + 7ý.,,, 
+ 
T,, -2T -,,, +, ,,, +, + 
T"t+l - T"', 
2 AX2 k 
)+( 
AX2 +. 
ýý 
ka At 
(6.6) 
Separated into time-steps Q+I) and (t) eq. (6.6) can be expressed as follows: 
T", 
42 
+2 7ý', , +I, t+l ý -T 
2- 
2-T- AX2 (9,,, 
/, 1+1 + 9"'1 
(6.7) 
11+1 P) +ý 
+T n-l, t +( P) 
TI'l n+], t 
Ik 
pa 
At k 
with the dimensionless Fourier number - ýýný and an n AX2 , 
n 
Cn Pn 
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The so called Crank-Nicolson method is stable and can tolerate time-steps of variable 
lengths. In order to solve for the unknown nodal temperatures, it is necessary to con- 
sider the energy balance including the two adjacent elements. If the conductivity or the 
width of the boundary elements n-1 or n+1 vary with respect to the element n, fictive 
layers between the elements must be introduced (Fig. 6.3) as eq. (6.5) only consider ho- 
mogeneous layers. 
Fictive layers Fictive layers 
qq 
g, L g. R 
q 
Tleft -0- G 
-: 
01 
qq 
3 
v 
Tc. 
right 
q 
T-l TL T. TR 
4 
T-i 
k, -i 
k-l k, k, k, kn+l k, +i 
AXn-1 8xn-1 lAxn Zlxn Z%Xn L-%Xn+l IAXn+l 
Fig. 6.3 Energy balance on a volume element with consideration offictive layers 
Including heat gains at the boundary surfaces (contact surfaces), the energy balance 
(heat flow balance) can be expressed with: 
left contact area: qj-%+qLýO --) q, = q2 - qjý (6.8) 
right contact area: -q3+q4+q R ýO --) q3=q4+qR (6.9) 
The heat flow relations q, to q4 are given as: 
q, =- 
k,, 
(6.10) 
Ax,, 
-, 
/2 
q2 
k,, ( TC, 
left 
Tn (6.11) Axn /2 
q3 
k,, ( TC. 
right 
Tn (6.12) Ax. 2 
q4 = 
k,, 
+, (T. 
+l - 
Tc"Igh, (6.13) 
Ax,,, 2 
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By inserting eq. (6.10) and eq. (6.11) into eq. (6.8), the left contact temperature Tclft 
can be obtained: 
7ý r Ax,, -, +rLJ,, +-qL 
TC, lot I+ rL 
2k, 
-, 
with rL 
The same procedure with eq. (6.12) and eq. (6.13) into eq. (6.9) results in the right-hand 
contact temperature Tc,, ight 
T Ax qT,,,, +n qR 
TC, 
righl -I+ 
2k,, 
with rR = 
k,,,, Ax,, 
k,, Aicn+l 
Furthermore, the contact temperatures can be approximately described as follows for 
T,. I, f, and T,. righ, respectively: 
TT +T, T C, J, ný nL n+ 
TR 
f, 2 and 
TC, 
right 
Zý 
2 
Eq. (6.14) and eq. (6.15) when inserted into the relations above, results in the fictive 
layer temperatures: 
and 
2T,, 
-, + 
7ý (rL - 1) + 
Ax,, 
-, qL 
TnL ýI+ 
rL 
k, 
- (6.16) 
(I 
- r,? 
) T,, + 2r, T,,,., + 
Aýn- 
qR 
T 
ký 
nR + rR 
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Without consideration of heat gains, finally the fictive layer temperatures TL and TR 
correspond to the temperatures T,, -, and T, +, for each time interval and thus eq. (6.7) 
becomes: 
2 
Tl"t+l +T 2- 
2 
T- 2+ nR, t+l -TnL, t + Tn, t - 
TnR, 
t nL, I+l 
( 
Pn 
) 
Pn 
) 
with P,, -- 
a" At 
and a,, 
k4 
Ax", , ClIp" 
After some transformations and inclusion of the heat gains, equations (6.16) to (6.18) 
can be combined and written in the following form: 
T -a -T +a -T =-b -T +b T -b T n-1,1+1 n, 2 n, t+l n, 3 n+l, t+l n. 1 n-l. t n, 2 n, t n. 3 n+], t (6.19) 
_SL (gL, t+l + gLa 
) heat flow into left layer-side 
-SR(qR,, +I+qR,, 
) 
heat flow into right layer-side 
-+g,,,,, ) volume gain within layer 
The coefficients for an internal layer are: 
ql, 
qý 
g. 1 
In-I 
1 
a, 1 (1+rL) 
n+l 
a,, 2 
+I 
)- 
rL - r, 
-)] 
A 
(I + rL 
) (I + r, ) 
rR 
) 
7n, 3 + rR 
b,,,, =I I+ rL 
k, 
2 
rR 
) 
+ rR 
Ax,, 
-, 'ýýX" 
)r=( k"Axn-l ) 
rR= and SL -' 
SR L 
( 
2k,, 
-1 
(1 + rL) 2k,, (I + r, ) k,, -, 
Ax,, 
( 
k,, Ax,,,,, 
) 
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The formula (6.19) represents the expression for any layers with optional surface heat 
fluxes or with volume gains within the layer. The variables a, b, sL and sR depend on the 
layer position (left/right boundary) as well as on the boundary conditions. To determine 
the variables for other layers or boundary conditions, it is necessary to rearrange the 
heat balance and detennine the coefficients a, b for every new case (see annex II). An- 
nex III also shows the derivation of a boundary layer in detail. With given layer tem- 
peratures for the first time-step, all parameters on the left side from eq. (6.19) are given. 
Layer 1: bl. 2 * Tnl. t + b13 * Tn2J 
Layer2: b2,1. TI, t+4,2*Tn2, t+b2,3*Tn3, t 
Time-step t: 
Layer3: b3,1 * Tn2, t + P3,2 * Tn3, t + b3,3 'Tn4, t 
Layer n-1 b, -,., 
* Tn-2. t + 
bn-1,2 * Tn-l, t + 
bn-1.3 * Tn, t 
Layer n b,., - T, -lj + 
bn. 
2 * 
TnJ 
When considering all of the layers, a n-dimensional equation-system with n unknown 
temperatures for the time step t+l remains 
Layerl: al, 2*Tnl, f+I+al, 3'Tn2, f+l 
Layer2: P2,, Tnl. t+l + a2.2 Tn2, t+l + a2,3 TnUA 
Time-step t+ 1: 
Layerl a3,, Ti? 2. t+l + a3,2 Tn3. f+l + a3,3 TIVA 
Layer n-1 : an-1.1 'Tn-2, t+l + a, -,, 2 ' 
Tn-lj+l + an-1,3 * Tn, t+l 
Layer n: an, l * Tn-tf+i + a,,, 2 * Tn, f+l 
Now eq. (6.19) can be described in matrix forms where the vector-field [BC] represent 
the optional boundary conditions for the corresponding layers as described before. 
layer, 'a,. 2 aý, 3 
Mar*-A 
TI'f+I A,, b,,, 
Man*-A 
T,., Bq - 
laYer2 a2., a2.2 a,., T2,1+1 b2j b2.2 b2,3 T2, BC2 (6.20) 
layer, a3, a3.2 a3., T34+1 b3,1 b3.2 b3j T3,, BC, 
layer,, a,,,, a. 
-,. 2 
a, 
-,, 3 
TX-1.9+1 b. 
-,,, 
ba-1,2 bm-1.3 T. 
-,., 
BC. 4 
layer. a.., a,, 2 
T*11+1 
-1 L 
b.., b.. 
2 
T., BC. 
=> [A] - [Tt+l [B] - [T, ]+ [BC] (6.21) 
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Finally, the new vector-temperature-field may be written as follows: 
([A]-'. [Bj) - [TI ]+ [A]-' - [BC] (6.22) 
where [A]-' is the inverse matrix of [A]. 
The mathematical fundamentals of the one dimensional transient conduction used here 
are described primarily in CENGEL (1998), INCROPERA and DEWITT (1996) as well as in 
SHIH (1984). The source code to solve the matrix functions in a computational program 
is taken from PRESS et al. (1989). 
6.2 TRANSPARENT - LAYER 
Like the layers described in section 6.1, transparent layers are also treated as massive 
materials. However, in the case of external irradiation, the optical properties are in- 
cluded additionally. Hereby, the ratio of transmission and reflection depends on the an- 
gle of incidence and must be presented in the form of a polynomial function. The re- 
maining absorbed energy will be used as the internal gain for the corresponding layer. 
intn an + 
larefn (6.23) 
To calculate the light transmission though a glazing layer system, the solar position as 
well as the incident angle to the surface must be known in dependence on the gco. 
graphical location as well as of the time of day. Tle astronomical principles used here 
are based on the DIN 5034-2 (1985) which were described in annex IV. 
Fig. 6.4 shows an example of the treatment of incoming radiation in a case with four 
glazing layers. The air space between the glazing layers is optional. 
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Absorption via direct radiation 
l, ' = 10 *a, 1ý, 2=1 .1- 
()C 
211,2 ' Ct 4 .41' 
C( 
4 
Fig. 6.4 Schematic representation of transmission in a case with fbur glazing layers 
6.3 PV-LAYER 
I 
Similar to the transparent layer, a photovoltaic element is also handled as a semitrans- 
parent massive layer with the restriction of non reflection. The absorbed ratio of inci- 
dent radiation is converted into electrical power 
Ppv =I* apv * 17pv (6.24) 
where t7pv is the electrical efficiency of the PV element which is dependant on the layer 
temperature: 
)7pv ý 77sTc -[l - fl. 
(Tiyer-2'8)] (6.25) 
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ýfj ý 
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2 'a I +',, I 'T2 'a I+ 
lp, 
4 , T3 * T2 '(X I 
Absorption via first reflection 
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i7sTc is the known electrical efficiency under standard test conditions. The value of 8 
lies typically between 0.003 - 0.004 I/K. The electrical power is deducted from the ra- 
diation heat gains and the remaining heat gains will be determined with the equation 
abs 
I- apv - Ppv (6.26) 
Setting Ppv from equation (6.24) into (6.26) the net heat gain within the layer can be 
also expressed in the following form: 
q.,,,, =/- apv (1 - Uv) (6.27) 
where the product (I 'ccpv) represents the absorbed radiation. 
6.4 VENTILATED AIR SPACE LAYER 
6.4.1 Forced and mixed convection 
Because the flow in the air gap is completely enclosed, an energy balance may be ap- 
plied to determine how the mean temperature T(x) changes with position along the ven- 
tilated duct and how the convective heat transfer relates to the difference in temperature 
at the channel inlet and outlet. The sidewalls of a ventilated faqade (see graphic on next 
page) can be treated like adiabatic boundaries and the energy balance for a control vol- 
ume can be reduced to 
PR - QL - QV -"ý 0 :::: ý QV -"ý QR - QL (6.28) 
where the rate of convection heat transfer to the fluid is equal the rate at which the fluid 
thermal energy increases. 
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For constant surface temperatures, the corresponding terms may be expressed as fol- 
lows: 
T 
QL OR Ax =H Tsurf. L 
1 
ov 
\le 
0o 
Ti Tsurf, R 
d 
QR=h,,, -A -(T, -Tsurf, R (6.29) 
s 
(6.30) QL = hý'l *A- (T,, -T urf, L) 
QV = 1ý PC - (T. " - T") (6.31) 
where V= Umean *F (6.32) 
with A=Ax. W andT -T j, = AT eq. (6.28) through eq. (6.3 1) may be rearranged to: 
týpC - AT = h,, R -W- 
Ax(T,. 
rf, R -Tx )- hc, L *W* AX 
(T, - T,,, rf, L 
) (6.33) 
or written in differential form 
dT 
-. 
W * 
hc, 
R *Tsurf, R + 
W'hc, L * Tsurf, L -W' 
(hc, 
R +hc, L Tx (6.34) dx ýpc ýpc iýpc 
where the special solution is 
[ 
hc. T(H) e ýpc 
). [Tin 
hc. R * 
Tsuff, 
R + hc, L 'Tsurf. L +( 
hc, 
R * 
Tsurf, 
R +L 'Tsuff, L (6.35) 
k, 
R + hc. L 
hc, 
R + hc, L 
Eq. (6.35) describes the air space temperature as a function of the height H. In order to 
detennine the mean air-space temperature eq. (6.35) must be integrated over the height: 
T -(h 
CA * 
TSurfR + hcL Tsuff, L 
) 
in hcR + h., L 
-A(hc,, ýh,, ) 
+ 
Tsu,, p + N. L * Tsurf. L 
(6.36) fT(, 
)dx =-. e ho, + k. L 0A (h,, + k, ) 
ýpc 
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In the case that the air-space is ventilated, the matrix of the one-dimensional heat con- 
duction (see equation (6.21)) can be rearranged to fit the form: 
layer, a, a,, T ,23 Ij ýI 
layer, a2J a2,, a2,3 T2.1 +1 
layer a3J a,, 2 a3,, T". 
layer.., agap-IJ agap-1.2 0 Tg"p- I., +I 
layer, i, -. 
000 Tg' 
layer,,. 
P,, 
0 ag,, p+,, 2 agp+,, 3 
layer, 
-, 
a, -,,, 
a_,. 2 a, -,, 3 T-1,1+1 
layer, a,., a,, 2 Týj +. 
b, b, T, 
b, b,, 2 b2,, TI. 
b, b, b, TI. 
bg. 
p-,,, 
bgap-1.2 0 T", 
-,., 
000 T11.1 
0 bgap + 1,2 
bgp 
. 1,3 
k-l, 
l 
b. 
-1,2 
b. 
-I. 3 T. -Ij 
b, k. 2 T,. t 
BC, 
BC, 
BC, 
B( 
...... .. 1, 
BCý 
Bcý 
1+I 
The coefficients for layers in front of and behind the air-space correspond directly to the 
first and last boundary layer I and n respectively (for details see annex 11). 
In equations (6-29) through (6.36), the convective heat transfer coefficients for both 
sides hcL and hc, R (L=Ieft, R=right) are the average values for the entire duct and must 
be determined through iteration corresponding to the wall temperatures as well as the 
mean gap temperature calculated using the Nusselt correlation defined in section 5.2.2. 
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6.4.2 Free convection 
Calculating the outlet temperature as well as the velocity rate within a channel for free 
convection OLSSON (2004) proposed a formula for the flow rate with uniform wall tem- 
peratures (UWT). 
2 (6.37) 
Red - Pr 4- Ra'- Pr. H 
0.81/2 
+ 
(6.6 
- (Ra 
)1/4 
- Pr/4 Hld 1 I 
fýpp d) 
This equation is an implicit formula for Red as the apparent ffiction factor fpp is de- 
pendant on Red due to equation (6.38) and (6.39). 
f43.44 + 
24 + 0.674 / x' - 3.44 I(x' 
)1/2 (6.38) 
app Red (XT 1+(X, )-2 
where 
+H /(2d) (6.39) 
Red 
The corresponding Rayleigh number relating to the inlet temperature is defined as: 
'_g- P(Tw -Ti. 
)d 3 
(6.40) Raa -- 
a-u(H/d) 
and the Reynolds number, using the hydraulic diameter, is 
Red --ý 
U' (2d) (6.41) 
1) 
Although the formulas given above are valid only for uniform wall temperatures, these 
relations were used for asymmetrical wall temperatures in the simulation model as well. 
Hereby the velocity rate um was calculated for each plate separately. Finally, the result- 
ing velocity was estimated by averaging. 
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The flow situation as well as the convective heat transfer in inclined cooling ducts as 
used in PV installations was determined in detail by BRINKWORTH (2000). He derived a 
function for estimating the air velocity within a flat duct formed between parallel plates 
with a uniform heat flux (UHF) into the fluid on one side, and an adiabatic wall on the 
other. For laminar flow and without external wind forces his ftinction may be simplified 
to the form: 
A(C )3 - 48C - 1.087 =0 
where 
A= 2S. GrD/Pr 
and 
H 
D-ReD 
with GrD= 
g-p-q-D' 
Hu'k 
with ReD ý 
uD 
u 
(6.42) 
(6.43) 
(6.44) 
With a given heat flux q and a prescribed geometry of the duct, L+ is obtained by solv- 
ing eq. (6.42), which by eq. (6.44) gives the Reynolds number ReD. from which the ve- 
locity u may derived. 
According to measurements as well as CFD simulations, the fiannulas suggested by 
OLSSON and BRINKWORTH will be compared with the results described before in section 
4.2.2. As can be seen in Fig. 6.5 , the CFD simulation corresponds to the measurements 
in all examined cases when an operating density in the CFD was used which relates to 
the mean temperature at the beginning of the heated plates. 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
mean outlet velocity 
CFD-Fluent Olsson Brinkw orth Pfv 
d=0.042m, T(WS)=T(CS) - 40*C. Tin-22*C 
d=0.042m, T(WS)=36*C T(CS) - 30*C. Tin=22T 
a d=0.042m. T(WS)ý30*C T(CS) - 15*C, Tin-21.6*C 
m d=0.2m, T(WS)=4loC T(CS) - 30*C, Tin-16oC 
Fig. 6.5 Comparison of outlet-velocities between CFD-simulation, PIV- 
measurements and calculating-model proposed by Olsson and Brinkworth. 
(overall channel height H=2. Om) 
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Calculated velocity rates with the proposed function Of OLSSON provide slight higher 
values in comparison to the CFD simulations. The deviations amounts to approximately 
10- 15% when a significant flow rate of more then 0.1 m/s exists. 
The formula given by BRINKWORTH delivers the lowest velocity rates for all cases. 
However the different models are not strictly comparable. The CFD simulation as well 
as the OLSSON-model was based on uniforrn wall temperatures and therefore the heat 
flow rates differ with the height of the walls. In cunkTast the UIAF model of 
BRINKWORTH provides different wall temperatures because of the constant heat flow. 
For comparing both models - UHF and UWT - the CFD-calculated mean heat flows 
over the whole plates were used to define q in eq. (6.43). As described before, this sim- 
plification is strictly speaking inadmissible but may be a fair approximation. 
In Fig. 6.6, the measured and the simulated mean outlet temperatures will be compared 
with the temperatures calculated by the velocity function from OLSSON, combined with 
eq. (6.29) to eq. (6.36), as well as by the proposed Nusselt correlation which was de- 
scribed by eq. (5.9) in section 5.1. The differences here are approximately 10% in com- 
parison to the CFD results. 
50 
40 
0 30 
20 
10 
0 
mean outlet temperature 
CFD-Fluent Olsson PIV 
m d=0.042m, T(WS)=T(CS) = 40*C, Tin=22*C 
d=0.042m, T(WS)=36*C T(CS) 30*C, Tin=22*C 
" d=0.042m, T(WS)=30'C T(CS) 15*C, Tin=21.6'C 
" d=0.2m, T(WS)=41 T T(CS) = 30*C, Tin=l6oC 
Fig. 6.6 Comparison of outlet-temperatures between CFD-simulation, PIV- 
measurements and calculating-model proposed by Olsson. 
(overall channel height H=2. Om) 
Approximately the same differences exist when the CFD simulated heat flow rates were 
compared to the calculated results when the Nusselt function from OLSSON was used to 
determine the heat flow rate (Fig. 6.7). 
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" d=0.042m, T(WS)=T(CS) = 40'C, 'rin=22*C 
d=0.042m, T(WS)=36*C T(CS) 30*C, Tin=22'C 
" d=0.042m, T(WS)=30*C T(CS) 15*C, Tin=21.6*C 
" d=0.2m, T(WS)=41 *C T(CS) = 30oC, Tin=16*C 
CFD-Fluent Olsson 
Fig. 6.7 Comparison ofHeatflow rates between CFD-simulation, PIV- 
measurements and calculating-model proposed by Olsson. 
(overall channel height H=2. Om) 
The developed model for free convection was based on upstream conditions in which 
wall temperatures higher than inlet temperatures were assumed. In other cases, the 
downstream region could not be considered and the Reynolds number was set equal to 
zero. 
6.5 AIR CAVITY - LAYER 
When a layer is defined as a closed cavity, the simulation program optionally calculates 
the air properties as functions of the layer temperature. In consideration of the heat flow 
through an air layer, the relationship between the apparent heat conductivity k,,,, i,. and 
the real heat conductivity k,, i, can be defined with a Nusselt number as is shown below. 
k- 
NUd ýSa" =f Rad'Hld) (6.45) k. 
jr 
RAITHBY et al. (1977) conducted an analysis of the heat flow through closed, fluid-filled 
cavities, boarded by vertical walls with differing temperatures, and proposed the follow- 
ing relation, which is a composite of three correlations. 
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where 
,( 
Rad )1/4 
(6.46) NUd = 
[I 
, 0.75 -C H/d , 
0.29 - 
C2 
, Rad ," 
C, 0.5 4; C, = [0.15 , 0.14 - Pro 
1114 (6.47) 
99 
1+ 0.49)16 
( 
Pr 
MAcGREGOR and EMERY (1969) suggested a correlation with the form 
NUd 
ý 0.42 - Ra 
0.25 
. Pr 0.012. H 
)-0.3 
(6.48) dd 
valid for an aspect ratio of 10 < H/d < 40. 
A constant value for the apparent conductivity without consideration of the cavity 
height was proposed by NI EMANN (1948) as follows: 
. Ra 
1.393 
Nu dý1+0* 
0236 d 
Rad +0.00101 
(6.49) 
All of the correlations above were compared and the apparent air conductivity as a func- 
tion of the cavity height is plotted in Fig. 6.8. The calculations are based on a difference 
in temperature of 20K as well as different plate distances. 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
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d=0.2m 
d=0.05m 
0123456789 10 
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- Ftafthby et al. -- NbcGregor / Emry - Wmann 
Fig. 6.8 Progression of'the apparent air conductivity in closed cavities as afunction 
of thefaVade height. (Boundary conditions: Tws = 40'C and Tcs = 20'Q 
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When the plate distances are small, all functions show similar progressions regardless of 
the cavity height. However, as the plate distances increase, the function proposed by 
NIEMANN differs significantly in comparison to the correlations proposed by 
MACGRECioR/EMERY and RAITHBY et al. In the modelled simulation program, all the 
three correlation functions can be selected optionally. The apparent air conduction is 
determined through iteration at each time step. 
6.6 SHADING LAYER 
A shading layer defines a semitransparent massive layer with adjustable optical proper- 
ties. It may be used to separate a ventilated air gap into two channels. The shading layer 
could be an internal blind assumed for simplicity to have a flat and smooth surface. 
Also for simplicity, air-coupling to the adjacent air spaces was not considered. 
6.7 LONG WAVE EXCHANGE 
The long wave radiation exchange of an air cavity layer or a ventilated air space must be 
detenriined, because especially for hybrid faqades, the radiative heat transfer can be up 
to 90% higher than the convective part. The net rate of radiation heat transfer between 
two parallel plates is usually determined with: 
( 4 
_T4) 61/2 
ý 
Aa(Tl 2 
1+1-1 
El 62 
(6.50) 
where a is the Stephan-Bolzmann constant and c/. E2 represent the emissivity cocffi- 
cients of both surfaces. The surface temperatures T, and T2 are expressed as absolute 
temperatures. Eq. (6.50) is based on the assumption of infinitely large parallel plates, 
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but is still used for the fagade. The divergences from ideal, parallel plates at the open- 
ings of the gap are ignored. After each simulation time stcp, the determined radiative 
heat flow is added as heat gain to the colder surfaces and is subtracted as heat loss from 
the warmer surface. Depending on the chosen number of the iteration, the calculation of 
the actual time step will be repeated with the new heat gains and the resulting layer sur- 
face temperatures will be determined again. Ilowcvcr, the simulation results have 
shown that three iterations per timc-step, are enough to obtain constant surface tempera- 
tures. 
6.8 EXTERNAL HEAT TRANSFER COEFFICIENT 
For estimating the external heat transfer coefficient in front of a facade, some investiga- 
tions from the literature will be shown and compared in this section. LOVEDAY and 
TAKi (1996) formulated convection coeflicients which were determined experimentally 
for external, vertical surfaces and then correlated to incident wind speed flowing per- 
pendicular to the heated surface. Their proposals are summariscd as follows: 
forced convection for windward conditions 
kAw= 16.15 - uo*'91 
forced convection for leeward conditions 
k, w= 
16.25 _ UO. 103 (6.52) 
average correlation of the above two conditions 
hc, 
ca = 16.21 
. UO. 
452 (6.53) 
In RECKNAGEIJSPRENGER a formulation of external beat transfer coefficients as a fun- 
tion of the wind speed is given with: 
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u<0.5 m ->k,,, =4-u+5.8 s (6.54) 
u> 0-5 
m k,. = 7.15 . U0.78 s 
This function corresponds to the formulation given from BALEMANS (1998). 
u <1021->h, =h, +4.214+3.575-u (6.55) 
s 
However, the equation from BALEMANS considers the radiative heat transfer part addi- 
tionally (hr = 4.0 W/mIK). 
BRYN and SCHIEFLOE (1996) proposed a formulation 
u<7.0 m ->k.. = 3.8. u+2.4 s (6.56) 
u>7.0 -M ->k,. = 6.1 - uo" s 
and KuPKE presents the external heat transfer rate with: 
k, 
e& = 3.3 -u+5.1 (6.57) 
According to the European standard DiN prEN 32241, the formulation of the external 
heat transfer rates also contains the building height. 
2 
u. H<8.0 -*k... = 3.96. 
(u / H)O" 
u-H>8.0 m2 ->k,. = 5.76 - 
(U4 / H)0*2 
(6.58) 
s 
All these correlations were compared and plotted out in Fig. 6.9 
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Fig. 6.9 Comparison of external heat transfer coefficients in correlation to the wind 
speed rate 
6.9 WRITTEN SOFTWARE TOOLS 
The numerical system described in the last sections was realised in two computer pro- 
gram versions written in DELPHI, an object-orientated language based originally on 
PASCAL. This language allows the programming of user-ftiendly Windows applications. 
The first developed program is an executable program called 'TRANsFACT' (Transient 
Faqade Calculation Tool) where different faqade systems can be constructed easily, 
quickly and comfortably. The second program version is a 'Direct Link Library File' 
(DLL). This DLL file makes it possible to integrate the source code into the simulation 
programs TRNSYS. The programming flow-diagram is given in annex V. 
The programs were developed first and foremost to predict the energy balance in hybrid 
PV-faqades during the planning phase. In a conditional manner, other kinds of double 
faqades e. g. ventilated faýades with natural convection may be calculated if the air 
stream flows only vertically. The determination of the flow velocity within the air gap 
for free convection however, depends primarily on the external wind force and the pres- 
sure rates. Therefore, analytical or numerical attempts to estimate the Nusselt correla- 
tions derived from laboratory tests or CFD-simulations are unsuitable for practical situa- 
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tions. Investigations fi-orn GERTIS (1999) as well as own examinations have shown that 
with high external wind speed rates, the air velocity within the fagade gap may differ 
significantly (0 - 0.8m/s). Therefore, alone the fluid situation in a double fagade with 
forced convection offers the possibility of a reliable energy prediction tool. 
6.9.1 The program ITRANSFACT' 
The purpose of this program is to study thermal effects for different kinds of faqades 
separately. Outside and inside ambient conditions must be set optionally to [Tempera- 
ture and Heat Flux], [Fixed Surface Temperature] or [Fixed Heat Flux]. Time steps and 
loops specify the simulation time period. The number of iterations defines the inner cal- 
culations within a time step. 
4ý 
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Fig. 6.10 Main window of the developed program TRANsFAcT. 
In order to carry out a transient calculation, the boundary conditions as well as the heat 
gains must be variable over time. Therefore it is necessary to read the time dependent 
values from an external data file. For the consideration of this external data, the user 
must determine the corresponding column from the data file instead of a fixed boundary 
value. For example: If the time dependent irradiation data corresponds to the first col- 
umn of the data file, a [#1] input must be inserted into the heat gain data field. The W- 
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sign means that the input is not a fixed value but a data input from a file. If time de- 
pendent boundary conditions are used, a boundary condition file must be created and be 
loaded before the simulation is started. 
The physical properties of the fagade layers must be defined in the construction-sheet. 
Up to a maximum of 10 layers, each layer can be defined arbitrarily. Each material can 
be divided into several sub-layers in order to obtain a more accurate calculation. The 
maximum number of all sub-layers is limited to 100. Furthermore, it is possible to de- 
fine a heat flow rate for each layer. This could be a flow to the border section between 
two layers or a volume flow within the layer. For example: to simulate a PV module 
encapsulated in a glazing, it is helpful to split the module into several layers. The first 
layer could correspond to a pane with glazing properties and the second layer could con- 
tain the thermal properties of the silicon module. Taking into account that nearly all of 
the radiation will be absorbed in the non transparent material, the heat gain will be de- 
fined-as a volume gain into the second PV-Iayer. Hereby, the [Heat Source Position] 
button which lies below of the gain input fields must be used to specify the target side 
of the heat gains or the volume gains. However if the [CaIc. Transmission] checkbox is 
activated, the heat gains will be set automatically as a function of the absorbed irradia- 
tion. Using the [Type] buttons, all advanced settings which are required for defining the 
layer may be specified (see Fig. 6.11 to Fig. 6.16). The mathematical fundamentals cor- 
responding to the different layer-types are given in the sections above. 
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Fig. 6.11 
Massive Layer: When selecting the 
default massive layer, an editable ma- 
terial library is available 
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Fig. 6.12 
Transparent Layer. A glazing library 
is available in the transparent layer 
menu. This library contains the ratio 
of transmission, reflection and ab- 
sorption depending on the incidence 
angle. To create one's own glazing 
properties, the progression must be 
calculated beforehand and added to 
the library file in the form of a poly- 
nomialfUnction 
Fig. 6.13 
PV-Layer: For photovoltaic layers 
the electrical efficiency of the PV 
element and the additionally- 
calculated electrical power is a func- 
tion of the temperature. This is calcu- 
lated for every time-step. For this to 
take place, the electrical efficiency 
under standard test conditions must 
first be defined 
Only one PV-Iayer is permitted within 
the entirefaVade construction 
Fig. 6.14 
Ventilated Gap: The heat transfer co- 
efficients of a ventilated airspace can 
be optionally defined with fixed val- 
ues or can be calculated using the 
Nussell correlation described in 
chapter 5.2.2. The long wave radia- 
tion may be considered, whereby the 
emissivily cotfficients must then be 
defined. 
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Fig. 6.15 
Air Cavity Layer: Defines a layer as 
a closed airspace. The program op- 
tionally calculates the air properties 
as a function of the layer tempera- 
ture. The apparent air conductivity 
can be determined optionally using 
the Nusselt correlations described in 
chapter 65 
Furthermore, the long wave exchange 
between the adjacent layers will be 
considered 
Fig. 6.16 
Shading Layer: Defines a layer as a 
massive layer with optical properties. 
A shading layer lies between two ven- 
tilated gap layers and represents an 
internal blind. 
All time-dependent boundary inputs are provided with an additional button to call up 
the 'Function-Window'. Hereby, a small pocket computer allows a recalculation of the 
original data with any arbitrary equation. A small graphic window displays the original 
as well as the recalculated values. 
For transparent layers in which the optical properties are dependant on the incident an- 
gle, an integrated solar radiation processor calculates the sun position at each time inter- 
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val. For this, the start time as well as the geographical location and faqade orientation 
must be defined. When using measured climate data these settings must correspond to 
the radiation data given by the external data file. For checking solar positions as well as 
incident angles, a slider makes it possible to represent the solar altitude for the time of 
day. 
Fig. 6.17 
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Fig. 6.18 
Solar radiation menu to 
specify the geographical lo- 
cation. 
Displayed results 
Following the calculation, the results are represented in graphical and in tabular form. 
The graphical results automatically show the layer temperatures, but it is also possible 
119 
OK 
Chapter 6: Modelling a Complex Faqade System 
to add further results from the output table or from the external data file. This feature 
makes it easy to compare calculated and measured data. 
Fig. 6.19 Graphical representation of'the calculated layer temperatures 
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Fig. 6.20 Graphical and numerical representation of the results separatelyfor 
each time step 
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6.9.2 The new TRNSYS-Type 111 
The program version described above was written to enable the easy examination of all 
necessary parameters of a ventilated fagade. To consider the effects of such a faqade in 
combination with buildings, an additional routine was developed, which considers the 
building properties. In order to avoid producing a completely new building simulation 
program, the calculation kernel was translated into a direct link library file (DLL) which 
is compatible with the simulation program TRNSYS. 
TRNSYS is a transient systems simulation program with a modular structure. The modu- 
lar nature of TRNSYS gives the program tremendous flexibility, but it demands a certain 
degree of expertise from the user. TRNSYS is well suited to perform detailed analyses of 
systems whose behaviour is dependent on time. 
A TRNSYS-system is defined as a set of components (TYPES) which accomplish a 
specified task. For example, a typical simple building simulation system may consist of 
a data reader (which provides data about the weather and the ambient conditions), a 
solar radiation processor (which recalculates the horizontal irradiation for the specified 
orientations of the building) and finally, the building. This modular technique greatly 
reduces the complexity of the simulation of the system by dividing it into a number of 
smaller problems. In addition, many components are common for diffierent systems and 
can be used in many different systems with little or no modifications. Fig. 6.21 shows a 
typical TRNsys example of several assembled types, connected with lines. For each 
type, a list of inputs, parameters and outputs appear when one clicks on its icon. By 
clicking on the connection lines, the outputs of a type may connected with the inputs of 
another type. 
The great advantage of TRNSYS is the open source code and the opportunity to change 
or create components. Although TRNSYS was originally written in FORTRAN, it is possi- 
ble for one to include one's own components written in other programming languages. 
In this case, the source code must be compiled in a 131-1--format. 
Using the one dimensional fagade model in TRNSYS, a new type was created (Type II I) 
which allows an integration of the fagade model within the already existing detailed 
building model of Type56. 
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Fig. 6.21 TRNSYS-assemblypanelfor a building simulation with the new Type 111. 
In TRNSYS, inputs, parameters and outputs are normally defined in a dialog box which 
appears when one clicks on the icon or on the connecting lines. With the new Type I 11, 
the program TRANsFACT must be used to save the key parameters into a file. This file 
will be used again when Type III is called up for the first time during the simulation 
and all required parameters are defined. 
NwI Et 11 d, ý TRNSYS-Type Ill Modus 
C-Wýb. ý S.. "- 0. ý N. -M-A, -- y 
OUTSIDE FACADE Tw. ý T, ý Typý j 1ý- ] Typ. ] Typ. I Typ. ] Typ. J ly. ] Typ. INSIDE A. b-9 C-Ilih- _ _ _ _ _ AxbwA Conclký 
T-P /H-fFk. 
-fG GL-V Av I&nv-]Mt. "] PTGýýJAý 
SulweTý I N- GI., A. GI. 
. H.. t Fk. C.. &. 1 rw/"l 08 08 08 1 00 om 08 
T 'c 
D-ay lkgvol 2500 2500 25M 1 25CO 1 25M 
' -9 l l C. . Cd P/k Kj 1000 1 
T.. * I Cl P y g 000 1000 1 1000 1000 1000 
V. rw/wl Thk- 1. ) 0004 00045 0004 (114 0004 0012 0004 hc[WhPKI 
D- I1 1 111111 
1 1ý6&T, 
1 
rci - 20 20 20 20 20 20 
Gm ýW/rrfl =I rw w G-fWhfj 
hO Ck I- 
I-d. --* 
II ýG 50 
SI. P 
Fig. 6.22 Main-windowfi)r using the TRANsFACTprogram as a pre-program to set the 
ANSYS - 7ýpel II parameter 
122 
Chapter 6: Modelling a Complex Faqade System 
The procedure of integrating Type III into the TRNSYS source code is described in the 
TRANsFACT programming manual. Furthermore, the manual shows the necessary con- 
nections of inputs and outputs with other Types. 
The accuracy of the developed simulation model is be demonstrated in Annex VI. The 
calculated layer temperatures are compared with cases for which analytical solutions 
exist. 
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CHAPTER 7 
PRACTICAL MODEL VALIDATION 
In this chapter, an existing fagade is modelled to demonstrate the applicability of the 
developed model in practise. This examination was done in detail for a ventilated photo- 
voltaic faqade. 
PV ventilated faqades are double faqade constructions which combine the advantages of 
cooling the PV modules using ambient air with the potential to use the hot air so pro- 
duced for the heating and cooling of the building. They can be partially transparent and 
thus allow a degree of natural lighting. To encourage the acceptance of such solar fa- 
qades for commercial buildings, architects and building engineers need to be able to 
characterise the thermal properties of the structure in terms of the familiar U and g- 
values. These can then be used in a straightforward manner in order to calculate the net 
energy balances for the faqade, as part of the thermal analysis of the whole building, 
which is necessary for a proper appraisal of the performance ratios associated with this 
flaqade technology. 
The first European building to use such a concept was the public library Pompeu Fabre 
in Matar6, near Barcelona, Spain. The faqade construction consists of an aluminium 
profile with PV modules in a glued structural glazing construction. On the room side of 
the Caýade a double glazed window was attached. The glazing between the opaque sili- 
con wafiers transmits 10% of the incident solar radiation through the faqade and enables 
one to be able to read without glare and without additional artificial light within the li- 
brary. I lowever, the remaining 90% of the incident solar radiation can be problematical. 
This is mostly absorbed by the outer PV element and much of it changed into heat. The 
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effect is an increase in temperature of the photovoltaic cells. Also the high surface tem- 
perature can influence the then-nal sensation as well as the electrical efficiency of the 
PV cells negatively. Therefore, the air gap between the PV module and the window, 
which is totally open from top to bottom, is be ventilated by forced convection which 
serves to cool the modules. 
Air collector 
Openil 
0.14 m 
The heated air can be used to support the heating system if this becomes necessary dur- 
ing the wintertime. In the summertime, the hot air is either dispersed into the ambient 
air, or it can be used to drive an active thermal cooling system. For this, an auxiliary air 
r collector adjacent to the solar facade provides additional thermal gains. 1ý'or more in or- 
mation see LLORET et al. ( 1997/1998). 
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Fig. 7.1 External view oj'the south -orientated soleir 
JaCade at the public library Pompeu Fabre in 
Matar6, Spain 
Fig. 7.2 Internal view oj*the library Pompeu habrt, it, 
Matar6 
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7.1 THE SINGLE PV-FA4ýADE ELEMENT 
To test the thermal conditions within a PV faqade, an element exactly like the faqade in 
Matar6 was set up at the University of Applied Sciences in Stuttgart. In order to avoid 
high wind forces, the air collector was placed beside the filýade element (Fig. 7.3). 
!: tFjn! dO 
PV-Facade element 
PV-Element 
Double glazing 
window 
Airgap 
Simulated room 
: 
H 
P%PFacade 
Fig. 7.3 ThefaCade test rig at the HfT-Stuttgart withfaCade element and air collector 
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2.2 
Adjacent 
ventilated 
room 
PV side 
Fig. 7.6 
Window 
side 
Fig. 7.7 
Fig. 7.4 
Scheme of the ventilated fa- 
Vade. The adjacent room was 
replaced through a second 
ventilated air space. 
From the gth to the 12 th of April 1999, ambient thermal conditions as well as faqade 
temperatures were measured and compared with the simulation results. In this time pe- 
riod, the I Oth was clear and the following day was partly cloudy. The external tempera- 
ture ranged from 5'C up to 20'C (Fig. 7.5). The comparison between the measured data 
and the calculated results are quite good as can be seen in Fig. 7.6 to Fig. 7.8. Because 
of the unknown heat emission from the PV surface to the ambient air, the simulated 
external heat transfer coefficient was varied up to the point where measured and calcu- 
lated surface temperatures were nearly identical (Fig. 7.6). The transfer coefficient thus 
received, amounted to 13 W/M2 K and was set as a fixed value throughout the entire 
measured period. 
30 
25 
20 
15 
06 ID 
E 
1. - 5 
To simulate the library-room, a second ventilated gap 
was adjoining directly to the double glazed window 
(Fig. 7.4). The faqade inlet temperatures can be varied 
by heat exchanger and two cryostats. The air velocity 
within the gap was set to 0.2 m/s. A data scan system 
recorded the surface- and air temperatures every five 
minutes which were measured by thermocouples. Un- 
fortunately, the goal of keeping the inlet temperature 
level at a constant value could not be reached due to 
the fact that the cryostat regulation was not able to 
compensate for the differences in temperature during 
the day and night times. 
Ambient Conditions 
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r- 
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9. - 12. April 1999 
-ambienttemp. -surface temp. (room-side) radiation on surface 
Fig. 7.5 Measured ambient conditions at the HfT JaVade test rig during the period 
from the 9 -12h of April 1999. The irradiation data were recorded perpen- 
dicular to thefa(! ade area. 
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- calculated measured 
Fig. 7.6 Measured and calculated surface temperatures on the PVside within the ven- 
tilatedfaqade element 
The surface temperatures on the window-side within the ventilated faqade also corre- 
spond to the calculated values. This suggests that the heat conductivity within the win- 
dow cavity was correctly computed (Fig. 7.7). 
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-calculated _-measured 
Fig. 7.7 Measured and calculated surface temperatures on the window side within the 
ventilatedJapde element 
When comparing the faqade outlet temperatures it can be seen in Fig. 7.8 that the calcu- 
lated temperatures mostly agree with those measured. Deviations of up to 2K were tol- 
erated. 
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The corresponding internal heat transfer coefficients, determined by means of the newly 
developed Nusselt function are shown in Fig. 7.9 
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Facade Air Temperatures 
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Fig. 7.8 Measured and calculated air gap temperatures within the ventilated fa(! ade 
element 
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Fig. 7.9 Calculated heat transfer coefficients within the ventilatedfa(! ade element 
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7.2 THE LIBRARY POMPEU FABRE IN MATARO 
In September of 1999 and again in September of 2001, the thermal situation within the 
real faqade of the library in Matar6, near Barcelona was examined in detail. The tem- 
peratures as well as the flow rate through three faqade elements were monitored (Fig. 7. 
10). All data including boundary conditions such as the ambient temperature, irradia- 
tion, wind speed and wind direction were recorded at one minute intervals. 
W 
Nit 
p 
Fig. 7.10 View oj'the monitored PV elements at the library in Matar6 
To confirm the calculated results against measured temperature data, measured bound- 
ary conditions were used as model input. Although most boundary conditions were 
measured and recorded, the very important external convective heat transfer value was 
undetermined. This parameter depends on the unknown correlation between external 
heat transfer coefficient and wind speed as well as on turbulence directly in front of the 
faqade. 
T-Outlet (Fig. 7.13) 
0 Measurement 
0 Calculation 
Ts-Window 
(Fig. 7.12) 
Ts-Outside 
Ts-Inside 
(Fig. 
1]7.12) (Fig. 7.12) 
T-Inlet (Fig. 7.13) 
Fig. 7.11 
Points of'Comparison between meas- 
ured and calculated data 
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For this reason, in the first step of the validation, the measured surface temperatures 
(PV element gap-side and window surface room-side) were used to determine the 
boundary conditions for the simulation. The calculated results are comparable with the 
measured values in Fig. 7.12 to Fig. 7.14. Points of comparison were displayed in Fig. 7. 
11. For this system, the gap outlet temperature depends only on the accuracy of the new- 
ly-proposed Nusselt correlation described in chapter 5.2.2. As can be seen in Fig. 7.12, 
the calculated surface temperatures on the double glazed window (Ts-Window) corre- 
spond nearly exactly to the measured data. This is a first indication that the heat transfer 
rate within the gap as well as the apparent air conductivity within the enclosed double 
glazed window must have been calculated correctly. 
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Fig. 7.12 Measured and calculated surface temperatures at the hybrid PV javade in 
Mata6 
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Fig. 7.13 Measured and calculated air temperatures within the hybrid PV facade in 
Matar6 
131 
Chapter 7: Model Validation 
When comparing the faqade outlet temperature in Fig. 7.13, different assumptions for 
the calculated Nusselt numbers were used. The newly-developed Nusselt function as 
well as the correlation for mixed convection over a single vertical plate (eq. 5.26) pro- 
vides nearly the same temperature profile whereas the correlation for a single plate fits 
more closely to the measured data. As is described in section 5.2.3 however, this corre- 
lation does not agree with the CFD calculations for other cases. Because of the very 
slow air flow rate of at maximum 0.3m/s, the correlation function for fully-developed 
forced convection (eq. 5.32) is not useful for reproducing results obtained from Mataro. 
When considering the heat flows in Fig. 7.14, the flow rate from the warmer PV ele- 
ment - calculated using a correlation for single plates - provides values which are ap- 
proximately 15% higher than results determined with the new correlation function. 
Facade Heat Flow 
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-q-PV(Nu-corr. Fux) -q-Wn (Nu-corr. Fux) 
.. --q-PV (Nu-corr. mixed conv. plate, see eq. 526) q-Win (Nu-corr. mixed conv. plate. see eq. 526) 
-q-PV (Nu-corr. forced conv., see eq. 5.32) -q-Wn (Nu-corr. forced conv., seeeq. 5.32) 
Fig. 7.14 Calculated heatflows of both JaCade sides 
For the colder window-side, the heat flow rates calculated for a single plate as well as 
for the new Nusselt function are nearly identical because for this thermal situation, both 
Nu-numbers and therefore the heat transfer coefficients h, are nearly equal (Fig. 7.15). 
Regarding the energy balance within the library, the outlet temperature as well as the 
heat flow into the double glazing are the dominate factors. With consideration of the 
thermal situation that occurred during the measured period, it can be said that the corre- 
lations for a single plate as well as the new Nusselt correlation are possible methods for 
calculating the energy balance of the faqade. 
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526) -hc-Wn (Nu-corr. mixed conv. plate, see eq. 526) 
-hc-PV (Nu-corr. forced conv., see eq. 5.32) -hc-Wn (Nu-corr. forced conv., see eq. 5.32) 
Fig. 7.15 Calculated heat transfer coefficients of bothfacade sides 
In order to include the ambient conditions such as the external temperature and radia- 
tion, the heat transfer from the outer surface to the ambient air must be known. Because 
of the difficulties of determining this important factor through measurements, the heat 
transfer resistance may be estimated using a correlation with the wind speed. Therefore, 
during the measured period, wind speed and direction were recorded on top of the li- 
brary roof, accepting that these values might be higher than those of the wind speed in 
front of the fagade. 
The calculated temperature on the outer PV layer reacts very sensitively to the external 
heat transfer coefficient used because of the large difference in temperature between the 
ambient air and the surface. Using the wind speed relations described in section 6.7, the 
line of best fit between measurement and simulation values was reached using the corre- 
lation from KUPKE. 
The calculated heat transfer rate here is shown in Fig. 7.16 in addition to other ambient 
conditions such as radiation and air temperature. The internal heat transfer coefficient 
within the library was fixed to 7.0 
W/M2 K. 
As can be seen in Fig. 7.17, the calculated surface temperatures for each faýadc layer as 
well as the outlet temperatures agree quite well with the measured data. 
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Fig. 7.16 Measured ambient conditions as well as heat transfer coefficients, estimated 
with wind-speed-correlation 
Facade Surface Temperatures (PV-Side) 
7n 
1. 
60 
50 
17 
40 
30 
20 
in 
60 
50 
40 
30 
20 
1D 
00: 00 03: 00 06: 00 09: 00 12: 00 15: 00 18: 00 MO 00: 00 
15. September 1999 
- calculated - measured 
00: 00 03: 00 06: 00 09: 00 12: 00 15: 00 18: 00 21: 00 00: 0C 
I S. Se pte m be r 1999 
- calculated -measured 
Facade Surface Temp. (Room-Side) 
60 
50 
40 
30 
20 
10 
60 
50 
40 
30 
20 
00: 00 03: 00 06: 00 09.00 12: 00 15: 00 18: 00 MO 00: ( 00: 00 03: 00 06: 00 09: 00 12: 00 15: 00 18: 00 MO 00: 00 
16. September 1999 15. September 1999 
-calculated -measured - calculated -measured -inlet 
Fig. 7.17 Measured and calculated temperatures within thefavade in Matar6 
Including the new Nusselt correlation, the heat transfer coefficients within the faqade 
are shown in Fig. 7.18. Based on the low flow velocity rates of max. 0.3m/s in the Ma- 
tai-6 faqade, the heat transfer coefficients reach a maximum of about 3.2 W/M2 K on the 
warm PV side (surface temperatures up to 600C) and of 2.5 W/M2 K on the colder, 
glazed back surface (surface temperatures up to 45'C). 
Facade Outlet Temperatures 
134 
Chapter 7: Model Validation 
5 
4 
3 
0- 
0000 03.. '00 06,00 09.100 12: 00 15.00 181.00 21: 00 
IS. September 1999 
_PV-side -window-side -gap-velocity 
Fig. 7.18 Calculated heat transfer coefficientsfor bothfaVade sides 
Because of the one-dimensional, numerical method used in the developed program, the 
assumption of uniform wall temperatures was verified over the whole faqade height of 
6.5m. Considering the measured surface temperatures of the inner PV-side, the vertical 
temperature gradient between the top and the bottom of the ventilated faqade is quite 
small except when there is high irradiance (Fig. 7.19). Here, the situation corresponds 
more to a case with uniform heat flow (due to the constant radiation of the whole faqade 
area) instead of uniform surface temperatures. The maximum difference in temperature 
between top and bottom of the PV cells amounts to 3.5K. However, this difference is 
approximately in the same range when comparing the surface temperature between bot- 
tom and centre. That means that there is no significant increase in surface temperature 
from the middle of the PV elements up to the top. When comparing the measured with 
the simulated surface temperatures (see Fig. 7.17), the simulated values correspond to 
the faqade centre temperatures which represent the dominant faqade temperature. 
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Fig. 7.19 Measured PV-sided surface temperatures on top and bottom of the ventilated 
JaVade as well as the vertical surface temperature gradient 
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Finally, the comparison between the measured and calculated electrical power which is 
supplied by the PV cells is shown in Fig. 7.20. Taking into account that only about 90% 
of the solar faqade was covered with PV cells, the calculated values corresponds nearly 
exactly to the measured ones. 
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Fig. 7.20 Comparison between calculated and measured electrical power supplied by 
the PV-elements 
During the second measurement campaign at Matar6 two years later in 2001, the meas- 
urements were repeated. As opposed to the previous measurements, a single faqade sec- 
tion was connected to a separate external fan to change the air flow rate through the 
faqade. The mass flow rate was determined by measuring the pressure differences. Over 
the recorded period, here the external heat transfer coefficient was calculated with the 
formula proposed by LOVEDAY and TAKI (1996) (see section 6.7). The measured irra- 
diation data perpendicular to the faqade as well as ambient temperatures are given in 
Fig. 7.21. 
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Fig. 7.21 Measured ambient conditionsfor the period 26. - 28.09.01 
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On the 27 th of September shortly before 6: 00 pm, the mass flow rate through the faqade 
was reduced from 1.0 m/s to 0.5 m/s. Note that the data recording was stopped for a 
short period marked with an empty space in the progression. Using these ambient condi- 
tions the comparison between measured and simulated temperatures are shown in Fig. 7. 
22 and Fig. 7.23. 
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Fig. 7.22 Comparison between measured and calculated temperatures within the PV 
JaCade 
As can be seen, for both velocity rates, the calculated results correspond nearly exactly 
to the measured data. Only the calculated gap outlet temperatures are in error, being 
approximately 2K lower than the measured data. The measured temperature peaks at 
1: 00 pm which is present in all of the diagrams could not be explained as radiation and 
ambient temperature do not show such an effect. 
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Fig. 7.23 Comparison between measured and calculated temperatures within the PV 
JaVade 
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The corresponding heat transfer rates are shown in Fig. 7.24. Because of the high air 
flow rate, a separate consideration of both faýade sides is unnecessarily. 
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Fig. 7.24 Calculated heat transfer coefficients and measured velocity rates within the 
PVJaVade 
7.3 THE g-VALUE TEST RIG 
In all of the previous investigations, measurements of temperatures were compared with 
simulated results to confirrn the validity of the developed model. However, in addition 
to the temperatures, the heat flow from the inner faqade surface into the room node is a 
deciding factor for the specification of the heating or cooling energy of a zone. Addi- 
tionally, with a glazed faqade, the total energy transmission rate (g-value) may be esti- 
mated when the optical properties of the glass is known. In order to calculate the overall 
energy transmission through the faqade, the g-value is defined as 
g=r+--- (7.1) 
et 
where T is the total transmission coefficient of the whole faqade system, le, t the incident 
external radiation and qi the secondary heat emission from the inner glazing surface to 
the surrounding air. Especially when using internal or external shading devices, the g- 
value is often unknown but important for the estimation of the thermal loads of a room. 
Because of the ability of the developed model to consider the optical properties as a 
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function of the incident angle and re-reflections between several glazing layers, the g- 
value can be determined as well. To confirm these calculated g-values, the simulation 
results were compared with own measurements of the solar simulator at the University 
of Applied Science in Stuttgart. 
The solar simulator test rig provides the possibility of determining the overall energy 
transmission value of a combined fagade system which exists in an outer pane, a shad- 
ing blind, as well as an inner double glazing. The simulation contained 15 lamps each 
with 1000 W. All lamps were arranged in a plane to receive a planar light source. For 
special applications, the lamp field of the solar simulator can be rotated from the hori- 
zontal to the vertical position. Additionally, the whole equipment is adjustable for 
height range of about 1.5m. Simulating a natural light source, the lamps have a wave- 
length which corresponds to the solar spectrum. To avoid an increase in temperature 
within the room, each of the five lamp fields were ventilated and the convective heat 
emission was discharged with a fan. A ventilated air curtain between the light source 
and the test faýade prevents the long wave exchange among the hot covering of the 
lamps and the outer fagade surface. The temperature of the air curtain can be adapted to 
the surrounding temperature. Photos of the test rig as well as a schematic representation 
are shown in Fig. 7.25 and Fig. 7.26 respectively. 
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Fig. 7.25 View of the cooling box test rig and the solar simulator 
Chapter 7: Model Validation 
Air-conditioned room 
.......................................... 
Ventilated 
air curtain 
Solar 
simulator 
j ýw ýe 144-PO 11 El 
I -------- Test fagade -------- 
outer shading double 
pane blind window 
Cooling box 
In min co g 
External radiation 
lint 
radiation Secondary 
heat emis- 
sion qj 
qc. l= lint+qi 
Fan Heat 
-1 exchanger 
Fig. 7.26 Schematic representation of the solar simulator test rig 
Within the cooling box, the energy of incoming radiation was compensated by a heat 
exchanger. Consequently, the cooling energy rate reached the transmitted radiation as 
well as to the secondary heat emission from the inner pane. To avoid transmission heat 
loss through the box-walls, the temperature of the ambient room was regulated close to 
the temperature level within the test chamber. Additionally, the walls were well insu- 
lated. In order to reach convection heat transfer coefficients that correspond closely to 
the standard values given in the German standard DIN 4108-4 (2002) (outside 25 
W/M2 K, inside 7.7 W/M2 K), different ventilators generate a flow stream in front of both 
faqade sides. 
'rhe dimensions of the test faqade were 2.6m x 0.7m. In case of a double fagade system, 
the distance from the inner layer to the outer pane may be varied up to 0.8m. Surface 
temperatures were determined by thermocouples as well as PTIOO sensors. Hereby, the 
sensors may not be exposed to direct radiation. All air temperatures were integrated 
over 3m long Ni- I 000-sensors. 
To obtain the average external radiation, the intensity was measured using a pyranome- 
ter over the whole faqade area at 65 locations. The deviation from mean value was 14% 
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(Fig. 7.27). After the activation of the lamp field, the system needs approximately 5 
hours to reach stationary conditions. 
Radiation [W/mz] 
CZ. C-4n, 
Widthh r[-mll Height [m) 
Fig. 7.27 Planar intensity distribution ofthe solar simulator 
When the measured g-values were compared with the calculated results from the 
TRANsFACT prograrri, the unknown external and internal heat transfer coefficients of the 
double glazing system were adjusted until the point was reached where the measured 
and calculated surface temperatures were nearly identical. 
The used thermic protection glazing 'NEUTRALUX premium, from ISOLAR has an overall 
transmission rate of u=0.52 and an U-value of U=1.4 W/m2K. The course of the cal- 
culated layer temperatures is given in 
Fig. 7.28 for stationary conditions. The legend for this figure describes the measured 
boundary conditions that were also used for the simulation. 
As can be seen in the following, the measured as well as the calculated g-values corre- 
spond to those given by the manufacturer. 
g-value: measured: 0.64 
calculated: 0.63 
manufacturer information: 0.63 (ISOLAR NEUTRALUX premium) 
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5 
measured surface temp.: 27.6*C 
calculated surface temp.: 27.5'C 
LL-H 
I j outside inside 
Fig. 7.28 Course of calculated layer temperatures in case of a double glazing window. 
Boundary Conditions: External perpendicular radiation: 475 Kin', external 
heat transfer coefficient: 25WIMK, internal heat transfer coefficient: 
JOWIM2 K, ambient air temperature: 21.5'C, test-rig temperature 22.2'C, 
overall transmission rate: 0.52 
In a second experiment, an external shading blind was used which reduced the incoming 
radiation to 17% (Aluminium lamella, 80mm, p=0.76, colour RAL 9010). With an 
averaged external emission of 535 W/M2 , an overall transmission rate ofr = 
0.52 * 0.17 
= 0.09 (considering the blind as well as the thermal protection glazing) and a calculated 
secondary heat flow of qj = 30 W/M2' the simulated g-value equals the measured value. 
The screen shot of the calculated layer temperatures is shown in Fig. 7.29. 
g-value: measured: 0.15 
calculated: 0.13 
27 - 
26- 
25 - 
24 
23-- 
measured surface temp.: 21.3'C E 
calculated surface temp.: 21.6'C 22 
21 
Fig. 7.29 Course of calculated layer temperatures for a double glazing window with 
external shading-blind. Boundary Conditions: External perpendicular radia- 
tion: 535 Wlniý external heat transfer coefficient: 25WIMK, internal heat 
transfer coefficient: lOW1m2K, ambient air temperature: 21.9'C, test-rig tem- 
perature 19.9'C. 
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Finally, an additional single pane (6mm, : r= 0.8, g=0.83, U=5.8) was set in front of 
the shading blind resulting in a new system which corresponds to a double glazed fa- 
gade ventilated by natural convection. The calculated overall transmission rate was 0.06, 
and the comparison between measured and calculated g-values showed similar results. 
g-value: measured: 0.10 
calculated: 0.09 
In Fig. 7.30, the measured temperatures are compared to the calculated results. As can 
be seen, most of the surface temperatures agree quite well with each other. In this case 
of buoyancy-driven flow, the used Nusselt correlation as well as the Reynolds number 
corresponds to the proposal from OLSSON (see chapter 5.1 and 6.4.2). 
Outlet temperatures: 
measured: T-surf = 25.2*C 
calculated: T-surf = 24.0*C 
5 
V LL-JX . 
I 
26.6'C 
24.2*C 
T-surf = 28.4*C (measured) 
T-surf = 27.3*C (calculated) 
T-surf = 27.3*C (measured) 
T-surf = 27.1'C (calculated) 
T-surf = 25.8*C (measured) 
T-surf = 26.9*C (calculated) 
T-surf = 22.0*C (measured) 
T-surf = 22.3*C (calculated) 
Fig. 7.30 Course of calculated layer temperatures in case of double javade with natu- 
ral convection and internal shading blind. 
Boundary Conditions: External perpendicular radiation: 590 W1W external 
heat transfer coefficient: 25WIM2K, internal heal Iransfer coefficient: 
IOWlm2K, ambient air temperature: 21.3'C, test-rig temperature 20.5'C 
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7.4 THE ZEPPELIN CARRt IN STUTTGART 
A further practical investigation of a double faqade system with buoyancy-driven flow 
between both window panes was carried out at the business centre 'Zeppelin Carrd' in 
Stuttgart. This partly-historic, momentous carrd was restored in 1996. Hereby, an inno- 
vative technique for a double, glazed faVade system was part of an integrated concept. 
(A detailed description is given in the journal Ari, 1998). The Popular faqade system 
consists of an outer single glazing and an inner thermal protection window. The air- 
space between both panes is 0.5m, the openings at the top and bottom were 0.15m high. 
Fig. 7.31 Exterior view qj'the business building Veppelin Carrý' (southfiloide) "I'd 
interior viewfrom the monitored office 
During the period from 2004 to 2005, the thermal situation in an office was measured 
by the department of building physics at the Hfr-Stuttgart to serve as an example 
Thereby, an estimation of the g-value of the faqade was made. In order to compare the 
measured data using the simulation program TRANsFACT, three cases with different 
positions of the shading devices were chosen (Fig. 7.32). 
A 
0.15m 
0.5m 
2.8m 
L- 
-6.15m 
Fig. 7.32 Schematic view of thefaqade system at the 'Zeppelin Carrý'in Stuttgart 
Case A: without sun blind 
Case B: sun blind with 45' lamella position 
Case C: sun blind totally closed 
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Similar to the experiments described for the solar simulator in section 7.2.3, in a first 
case, the double faqade without internal shading blinds was considered. Estimating the 
unknown optical properties as well as the unknown heat transfer coefficients from am- 
bient air to the fagade panes, the simulation boundary conditions were calibrated by 
comparing the calculated and measured surface temperatures. Because of the difficulties 
in measuring surface temperatures on panes with simultaneous irradiation, the measured 
data must be considered carefully. 
Boundary conditions CASE A CASE B CAS EC 
external perpendicular radiation 
70OW/M2 700 W/M2 470 W/M2 
ambient temperature 30'C 27'C 29'C 
room temperature 301C 251C 27.5'C 
ext. heat transfer coefficient (estimated) 15 W/M2 K 
internal heat transfer coefficient 
(measured with heat flow sensor) 
10 W/M2 K 
,r external single pane 0.69 
cc external single pane 0.2 
.r shading blind 0.1 0.02 
oc shading blind 0.1 0.1 
T heat protection window (each pane) 0.72 
cc heat protection window (each pane) 0.1 
c heat protection window (internal pane 0.05 
E heat protection window (external pane) 0.89 
Comparison between measured and calculated data 
surface temperature external single glaz- Measured 40'C 41'C 42'C 
ing Calculated 41'C 40'C 39'C 
airspace outlet temperature 
Measured 3 6RC- --T6, *C 37'C 
Calculated 341C 32'C 33'C 
temperature shading blind 
Measured 43'C 38'C 
Calculated 40'C 390C 
surface temperature thermic protection Measured 36'C 28'C 290C 
window (room-sided pane) Calculated 35'C 27*C 29'C 
overall transmission ratio 
Measured 0.35 0.04 0.01 
Calculated 0.36 0.04 0.01 
g-value 
Measured 0.43 0.07 0.03 
Calculated 0.43 0.07 0.04 
Tab. 7.1 Boundary conditionsfor the simulatedfa(! ade at the Zeppelin Carrý in Stull- 
gart and comparison between measured and calculated data 
When comparing the g-values, it can be seen that the measurements corresponds to the 
calculated values. Significant deviations can be seen when comparing the airspace outlet 
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temperatures. The reason for this could be founded in the different geometrical consid- 
eration of the openings. In the simulation model, the openings lie horizontally, whereas 
the openings of the real air gap lie within the faqade plane. This geometrical situation 
resulted in an additional resistance and decelerated the air movements, which resulted in 
a higher temperature level. 
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CHAPTER 8 
PARAMETER STUDY 
Verifications and comparisons have shown that the developed model can satisfactorily 
determine the thermal situation within a double fagade. This gives confidence to its ap- 
plication to full building modelling. 
All the following studies were done with the transient building simulation program 
TRNSYS (Vers. 15) into which the newly-developed fagade Type III was integrated. The 
theoretical investigations of the thermal situation in a single thermal zone were done for 
an example on an office room for which the dimensions were set to be similar to those 
of the Zeppelin Carr6 in Stuttgart (see chapter 7.4). A schematic description of the room 
as well as of the wall constructions used for the TRNSYS-Type56 is given in 
Fig. 8.1. 
External Wall: (U = 0.342 W/m'K) 
11 0.02 m plaster Zone volume 
External 71 6m' 
construction 2.9m 
(Type56) 
1 
II 
ýk! xýl 
0.080 m insulation 
0.36 rn lime sand brick 
0.01 m plaster 
Internal Wall*: 
0.01 m gypsum plaster board 
0_ JJM2 0.10 m insulation 
0.01 m gypsum plaster board 
Floor / Coiling: 
6.4m 0.035 m floating floor 
U. UJU m insulation 
3.8m 
0.2 m concrete 
Double glazing Window: 
1-1-glazing = 1.3 W/m2K 
g=0.59 
I Frame: 0% 
External construction Type 111 
(replacement for the external fagade in Type56) 
Fig. 8.1 Schematic representation of the simulated office 
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8.1 INFLUENCE OF THE WINDOW AREA ON HEATING AND 
COOLING ENERGY 
The first investigations involved the determination of the acceptable percentage of an 
external wall made up of heat protection window, and the resulting heat fluxes needed 
to keep the zone temperature constant at 20'C for a heating situation and 241C for cool- 
ing. For this study, the air change rate was set to 0.7 I/h, all internal walls as well as 
floor and ceiling areas were set as boundary walls where the adjacent room temperature 
was assumed to be identical to the zone temperature. The external faqade faces south 
and the used ambient climate conditions (temperature and solar radiation) correspond to 
the standard reference climate for Germany as is defined in DIN 4108-6 (2003). External 
and internal heat transfer coefficients were set to 25 W/M2 K and approximately 7.7 
W/M2 K. For the consideration of the long wave radiation exchange between both panes 
of the heat protection window, the emissivity rate was set to E=0.05 for the internal and 
F, = 0.89 for the outer pane. Of course, similar investigations have been done before, but 
the results presented here are useful for the discussion that follows. Additionally, the 
accuracy of the new Type III may be compared with the window model which is inte- 
grated into the TRNSYS standard Type56. Because of the complex TRNSYS Program- 
ming, the results of these cases were also compared and verified with the results from 
the software tool THERMPLAN which is based on the European standard calculation 
method EN 832 (1998). This European standard method defines a monthly calculating 
procedure used to determine the energy consumption in buildings, whereas the special 
boundary conditions are defined by each nation separately. In our case, these are given 
in DIN 4108-6 (2003) for applications in Germany. 
In Fig. 8.2, the yearly heating and cooling loads of the determined office were shown 
for different window areas (given as a percentage of window area). Because of the iden- 
tical climate conditions, the EN 832 calculation method corresponds nearly exactly to 
the TRNSYs results. Since EN 832 is only useful for calculating the heating energy rate, 
the cooling load could not be estimated here. On account of the more detailed consid- 
eration of the transmission rate through the glazing in TRNSYS, the comparison differs 
slightly. As can be seen, the energy use for heating can be reduced by increasing the 
window area due to the solar gains. The energy use for heating and cooling reaches an 
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optimum for this office-situation for a window area percentage of about 25%. When 
replacing the total window front in TRNsys with the newly-developed fagade model, the 
new Type III provides a heating load which is about 3.5% higher than the value calcu- 
lated using Type56. The cooling load is significantly higher (16%) when Type III is 
used. 
3000 
2000 
1000 
0 
- 1000 
-2000 
Heating I cooling load 
m Heating load 
n Coofing load 
Thermplan (EN 832) 
-3000 'I 100% 100% 50% 25% 0% 
w indow w indow w indow w indow w indow 
Fig. 8.2 Comparison of the yearly heating and cooling loads between Type56 and 
Type] II as well as between the calculation methods of DIN EN 832 
When comparing the calculated zone temperatures in Fig. 8.3 for a case in which the 
cooling system was disconnected, the differences in energy consumption between 
Type56 and Type III are a result of the different temperatures during the summer pe- 
riod. Zone-Temperature 
IWO 
Ila 
Jan Feb Wr Apr KUY Jun Jul Aug Sep Oct Nov Doc Jan 
- Typel II Type56 Aftient temperature 
Fig-8.3 Comparison of the hourly zone temperatures between Type56 and Type I// in 
case ofa 100% external glazing area 
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In opposition to Type56 in which the window model uses the dependency of the solar 
incident angle, in Type III the radiation through a glazed fagade is calculated solely for 
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a perpendicular incident angle. This assumption is sufficiently valid for the wintertime 
where the sun position is close to the horizon. During the summer period, the incident 
angle is higher and because of the increasing reflection of the window-pane the incom- 
ing solar gains and therefore the room temperature were reduced (Fig. 8.4). 
Solar Gains 
5 
4 
3 
21 
0 11111 ýI IIIIIIIIIIIIIIIII I 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan 
- Typelll Type56 
Fig. 8.4 Comparison of the hourly solar gains between Type56 and Type] II in case of 
a 100% external glazing area 
To improve this situation, the dependency between the transmitted radiation and inci- 
dent angle can be given in the form of additional equations in TRNSYS if necessary. 
However, in these parameter studies, this influence can be ignored due to the fact that 
the absolute values are less important and the relation between the different cases is 
calculated correctly. According to the graphs shown above, the calculated hourly pro- 
files for heating and cooling demands will be shown in Fig. 8.5 for comparison of the 
different calculation types. 
1.5 
1.0 
0.5 
0.0 
-0.5 
- 1.0 
-1.5 
-2.0 
-9 r 
Hoating / cooling load 
it If iý! ý r 
Jan Mrz Mai Jul Sep Nov Jan 
- Type 111 (heating) Type 111 (cooling) Type 56 (heating) 
Type 56 (cooling) 
Fig. 8.5 Comparison of the hourly heating and cooling course hetween Type56 and 
Type] II in case of a 100% external glazing area 
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8.2 INFLUENCE OF A NATURALLY VENTILATED FMýADE 
in this section, a double fagade will be compared to a fagade which is composed com- 
pletely of a window front. The determinations were differentiated into cases with and 
without additional shading blinds as well as into cases in which the fagade air was led 
into the office-room described in section 8.1. The used ambient climate condition (tem- 
perature and solar radiation) corresponds to the standard reference climate for Germany 
defined in the DIN 4108-6 (2003). 
In all of the cases, a constant infiltration rate of 0.7 1/h was assumed. The external heat 
transfer coefficient was set to a more realistic value of I OW/M2 K, which corresponds to 
a low external wind speed. For the internal heat transfer coefficient, a value of 7.0 
W/M2 K was used. The distance from the inner window to the outer pane of the double 
fa4; ade was 0.5m. 
Cases W(a) and W(b) 
Case W(a) represents a complete window front consisting of a double glazed heat 
protection window (U = 1.5 W/m1K, g=0.43). In case W(b), an additional external 
shading blind was considered where the shading factor was set to 90% for the whole 
the year. 
- Cases F1(a-0 
Case FI(a) represents a double fagade system without shading devices. The total 
transmission rate of 0.33 corresponds to the value for the window-front in case W(a). 
In FI(b), an additional shading blind was set between the panes. Here, the shading 
factor was also set to 90% for the whole year. The solar absorption rate for the blind 
was assumed to be 10% for case Fl(b) and 30% for case Fi(c). The infiltration air 
change temperature refers to the ambient temperature. 
Cases F2(a-c) 
Cases F2(a) to F2(c) correspond to FI(a-c). The infiltration air change temperature 
however, refers to the faqade air gap temperature at the outlet opening. This is sym- 
bolised by a tilted internal window. 
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A brief summary of the cases are shown in Fig. 8.6 and Tab. 8.1. 
I lII 
r 
Case W Case F1 Case F2 
Fig. 8.6 Graphical representation of the different examinedfacade constructions 
Case W. - 100% windowfront, infiltration with ambient temperature 
Case FI: DoublefaCade, infiltration with ambient temperature 
Case F2: DoublefaCade, infiltration with gap outlet temperature 
Fagade- Air change tem- 
Outer Shading Total trans- 
CASE 
Type perature (infiltra- 
glazing mission 
tion rate 0 71 /h) . cc T 
W(a) Window 0.330 
W(b) (11.0 M2) 0.1 0.032 
FI (a) External - 0.330 Double- 
FI (b) fagade 0.1 0.032 
0 1 
FI (c) 
(11.0 M2) . - 
0.3 0.032 
0 8 0 18 
F2(a) . . - - 0.330 Double- 
F2(b) fagade Air-gap 0.1 0.032 
0 1 
F2(c) 
(11.0 M2) . - 
0.3 0.032 
Tab. 8.1 Table of examinedfaCade constructions for an office room 
Before the monthly and yearly energy consumption of the office-room is shown, the 
thermal situation as well as the heat transfer rates will be examined in detail as an ex- 
ample for a hot summer day and a cold winter day. The ambient conditions for these 
days (temperature as well as solar radiation) are pointed out in Fig. 8.7. As can be seen, 
the radiation data for both days corresponds closely. Because of the perpendicular inci- 
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dent angle, on a clear winter day, the radiation to the south sided faqade is slight higher. 
The ambient temperatures show the same course during the day and night, the absolute 
values however differ by about 30 K when comparing a summer and a winter day. 
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Fig. 8.7 Course in temperature and solar radiation perpendicular to the south-facing 
officefrontfor a hot summer day and a cold winter day 
In Fig. 8.8 the calculated internal room temperatures are compared using different fa- 
gade types and shading devices. For a winter day with shading blinds, the temperatures 
are identical to the heating set-temperature of 20'C over the course of the whole day. 
SUMMER (Reference-Day: 02.09. ) WINTER (Refers nce-Day: 28.01. ) 
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40 
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0 ,4 10 
0, 
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[Time] 
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5 
5 
-15 1 
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[Time] 
--o. - Ambient temp. - Case W(a/b) -Ambienttemp. -CaseW(a) 
-CaseFl(a/c) -CaseF2(a/c) -Case F1 (a) - Case F2(a) 
Fig. 8.8 Calculated office-room temperaturesfor differentfavade types with and with- 
out shading devices 
The room temperatures for Cases W(a) and F(a) (without shading devices) do not differ 
significantly even if the preheated fagade-air is lead into the zone. The reason for this is 
the weak increase in temperature within the fagade air gap due to the low fagade height 
w dhout shadi*li'il,, 'Iil,, ''::: 
;;: ýý 
::: 7 
- 
:; 5r4; 
w 
Efth 
shýading 
without shading 
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as well as the low solar absorptance of the panes (see Fig. 8.9). Here the room was air- 
conditioned down to 24'C in the summer. During the night, the air gap temperature was 
nearly identical to the ambient temperature. 
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Case F(b) -Case F(c) 
Fig. 8.9 Calculated outlet temperatures of the facade gap gains in case of different 
JaCade-types with and without shading devices 
Fig. 8.10 shows the thermal gains of the fagade collector for both days. Also the differ- 
ences in temperature between the inlet and the outlet of the faqade gap were plotted out 
for case Fl(a) as an example. The energy gains of the fagade collector (which corre- 
sponds to the facade area) were determined as follows: 
vent ý 'ýPC * 
(Toutlet 
-Tinlet )/ Ac,, 
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Fig. 8.10 Calculated facade collector gains in case of different facade-types with and 
without shading devices 
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Because of the additional area of the shading blinds with different solar absorptance 
rates, the collector efficiency increases here. The higher thermal gains for the winter day 
can be attributed to the higher solar radiation. 
The convective heat transfer rates from the inner window-pane to the room-node calcu- 
lated with the equation 
q,:.,,,, = hý - (T., f,,,. - T.,, ) (8.2) 
are shown in Fig. 8.11 where negative values characterise the heat losses. Because of 
the nearly identical courses for cases FI and F2, only case FI and W were pointed out. 
Also here the room was air-conditioned down to 24'C in the summer. 
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Fig. 8.11 Calculated heatflowsfrom the internalfavade surface to the room-nodefi)r 
differentfaCade-types with and without shading devices 
The calculated monthly heating and cooling loads for all cases without shading blinds 
are represented in Fig. 8.12. Additionally, the summarised yearly energy consumption is 
shown on the right graphic axis. As is to be expected, the energy use for heating reaches 
the highest level when the external ftont is composed completely of a window front. 
Because of the additional thermal buffer in a double faqade, the heat losses may be re- 
duced by about 10%. When the preheated faqade air is lead into the room, 15% of the 
energy can be saved. The cooling loads show an opposite behaviour when the room was 
air-conditioned to 24'C. 
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Fig. 8.12 Monthly as well as yearly heating and cooling loadsfor non-shadedfacades 
For an unrealistic situation of no air-conditioning as well as no shading blinds, the of- 
fice temperature reaches up to 45'C in the summer (Fig. 8.13). When directing the pre- 
heated air gap temperature into the room (case 172(a)), the office temperature increases 
additionally by about 1-2 K. 
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Fig. 8.13 Calculated hourly room temperaturesfor non-shadedfacadev 
According to the calculations done before, the influence of shading devices will be 
shown in the following figures. The calculated monthly heating and cooling loads are 
represented in Fig. 8.14. As can be seen, the energy rate for cooling during the summer 
period may be ignored. Naturally, in the wintertime the heating energy rate must in- 
crease because of the shading devices. 
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Heating and cooling loads 
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Fig. 8.14 Monthly as well as yearly heating and cooling loads for shadedfacades over 
the whole year 
Also the simulated room temperatures are moderate in the summer and do not exceed 
25'C in any of the determined cases when the cooling system was disconnected. I-or 
example, the internal temperature for case W(b) is shown in Fig. 8.15 but the course in 
temperature is nearly identical for the other cases. 
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Fig. 8.15 Calculated hourly room temperatures for a shadedfacade 
The yearly thermal loads of all of the examined cases are shown in the first diagram of 
Fig. 8.16. Due to the unrealistic conditions (either totally shaded or a totally non- 
shaded) used, the results represent extreme situations. In practical applications the shad- 
ing blinds are regulated automatically or manually by the user. Therefore, the real total 
loads correspond closely to the heating loads of the non-shaded cases and the cooling 
loads may be ignored. 
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Fig. 8.16 Summarised yearly heating and cooling loadsfor all determined cases 
The bottom diagram (Fig. 8.16) shows the faqade energy rates divided into winter and 
summer periods. Here, by integrating the hourly data, the summer period was assumed 
to be from first of May to end of September. Because Case FI showed identical results, 
the displayed bars of Case F2 were not filled. 
Finally, it should be repeated, that the absolute values may differ from real situations. 
For example, measurements within the fagade of the Zeppelin Carr6 in Stuttgart have 
shown that the air gap temperature is significantly higher than the calculated values 
for 
a summer day with high solar radiation. The reason for this could be found in the flow 
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resistance of the fagade in- and outlets and/or in the complex external wind and pressure 
situation. Also, in real situations, additional solar absorptance areas may exist in the 
form of fagade-side walls or aluminium. profiles where the absorptance is higher in 
comparison to the shading blinds and the panes. Therefore, the energy consumption for 
cooling is actually higher than the simulated value and in the case that the air is not 
conditioned, the zone temperatures increase. 
8.3 ENERGY CONSUMPTION OF A VENTILATED HYBRID 
PV-FMýADE 
In this section, the influence of a hybrid ventilated fagade is studied for a fictive build- 
ing similar to the library which was described in chapter 7. The dimensions used corre- 
spond to those of the library and with exception to the south-sided PV-faqade, all other 
external walls are totally opaque. This means that no additional windows exist. Fig. 8.17 
represents the schematic view of the building as well as a cross section through the fa- 
gade and the construction of the external enclosures. 
Zone-Volume 8320 m2 
T---------- 
"0 
6.5 m 
33 22 mm 
40m __2 
IF External Wall: Ceiling: (U = 0.48 W/m'K) 
Floor: (U = 2.1 W/m'K) 
(U = 0.34 W/m'K) 0.001 m steel sheet 0.002 M PVC sheeting 
0.02 m plaster 0.080 m insulation U. U45 rn floating floor 
0.080 m insulation Airspace 0.012 rn insulation 
0.36 m lime sand brick 0.120 rn concrete 0.150 rn concrete 
0.01 m plaster 
Fig. 8.17 Schematic representation of the simulated building as well as schematic cross 
section through the ventilated PV-favade and the external enclosure 
The zone temperature was set to a value of 20'C during the heating period and to 24T 
when the air-conditioner is in operation. In all of the simulations, a constant external 
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heat transfer coefficient of 10 W/M2 K was assumed. Internal gains were not considered. 
The ambient conditions corresponded to the reference climate for Germany, which is 
defined in DiN 4108-6. 
In the following investigations, a differentiation was made between cases where the 
forced flow rate within the fagade air gap was changed and cases with different regula- 
tion systems. In order to compare the influence of the PV-fagade with a total window 
front, two cases were additionally considered. A repetition of all cases including the 
main boundary conditions is given in Tab. 8.2. 
CASE v-gap 
Gap- 
width 
Facade air 
change 
Building air change inside window Im/sl rmi 
Double glazed 
window 
U 2.8 W/M2 K Win I 
g 0.76 
regulated inter- 
nal blinds 
Heat protection 
window 
U 1.3 W/m'K Win 2 
g 0.59 
regulated inter- 
nal blinds 
PV Oa 0.40 222 Air change with ambi- PV Ob 1.00 0.10 554 0.7 
PV Oc 1.50 831 ent temperature 
PV la 0.81 449 0.7 Controlled heating 
_PV 
lb 1.16 0.05 642 1.0 supply via fagade tem- 
PV IC 2.31, 1279 2.0 perature if zone tem- 
PV 2a 0.40 222 0.7 perature will be rotection H at ' p e PV 2b 0.58 0.10 321 1.0 dropped under 20 C, window U=1.5 PV 2c __ 1.16 642 2.0 otherwise fixed air WWK 
PV 3a 0.20 111 77- change rate of n=0.7 g=0.52 
PV 3b 0.29 0.20 161 1.0 I/h with ambient tem- 
PV 3c O. T8_ 321 2.0 perature 
Time dependent venti- 
lated fagade. The pre- 
PV4 0.40 0.10 222 0.7 heated air will be cou- 
pled with the building 
in winter only 
Tab. 8.2 Table ofexaminedfaCade constructionsfor a large building 
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- Case Win 1/2 
Case Winl represents a total window front consisting of a double-glazed window 
and in case Win2, a heat protection window was used instead. In order to simulate a 
realistic situation, a regulated external blind was set to a shading factor of 90% if the 
external temperature exceeded 21*C and if the solar radiation became more that 100 
W/mý at the same time. The U-value for the windows represents an overall heat 
transfer coefficient for the glazing, without consideration of the window frame, as 
TRNsys calculates the heat losses through the frame in Type56 separately. 
In cases PV 0 to PV 4 an additional pane with embedded PV-elements is set in front of 
the heat protection window to form a ventilated double fagade. For the calculation of the 
thermal situation with the new TRNSys-Type I 11, unlike in case Win2, a higher U-value 
for the inner heat protection window is assumed in order to consider the frame part of 
the window. 
- Case PV 0 
To estimate the thermal buffer effect of the PV double fagade in case PVO, the air 
gap is ventilated by forced convection the whole year long but without thermal cou- 
pling between gap air and building climate. 
- Case PV 1 to PV 3 
In cases PV I to PV3, the air gap distance and the air speed rate within the fagade is 
changed. A regulated infiltration-system leads the ambient air through the fagade gap 
and into the building if the zone temperature falls below a value of 21T. Depending 
on the forced volume flow through the fagade, the air change rate of the building var- 
ies between 0.7 and 2.0 I/h. During the summer period, or if the zone temperature 
exceeds 210C, the hot fagade temperatures are dispersed into the surrounding air 
once more or may be used for solar cooling systems. Here, the air change rate was 
set to a constant value of n=0.7 11h which corresponding to the ambient tempera- 
ture. The fagade is ventilated without interruption the whole year long (8760h). 
- Case PV 4 
Case PV4 represents a more realistic regulation system. To supplying the heater, the 
preheated fagade-outlet temperature air is lead into the building during the day and 
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from 15 th of September to 15 th of May. During the night (from 6: 00pm - 7: 00am) the 
fan is switched-off and the velocity rate within the faýade gap is reduced from OAM/s 
to 0.1 m/s which simulates free convection. Because of the volume flow through the 
faqade, the infiltration rate of the building reaches a value of 0.7 1/11.1 lereby, the air 
change temperature corresponds either to the gap outlet-temperature or to the ambi- 
ent temperature depending on the operating time ofthe fan. In the summer period, 
the fan works only during the daytime as well but the hot fayade air is not connected 
with the building and is useable for additional solar cooling systems. 
8.3.1 Thermal and electrical energy balance of the facade 
The thermal energy balance for heating and cooling, the electrical potential of the IIV- 
elements as well as the necessary power of the fan to ventilate the double faqade will be 
considered in this section. Hereby the efficiency as well as the solar transmission ratio 
of the PV-elements was set to 10%. 
To calculate the electrical power of the fan (P, I) for ventilating only the double faýade, 
the pressure drop (Ap) within the faýade must be estimated over the sum of the single 
flow resistances (ý). The procedure for this is described below. For more detailed ex- 
planations see also VDI-WARMEATLAS and IIAUSER/IIEIBEL (1992/1996). 
lý V-AP ei 
J7Fan 
(8.3) 
Hie efficiency of the fan qlýýan was assumed to be 80% and the pressure drop is calcu- 
lated as l'ollows: 
p2H+++p Ap 
2. du -2 
(8.4) 
h (1h 
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Herby the resistance for a channel may be deten-nined for turbulent flow with: 
0.3164 
90* 
where Red corresponds to a hydraulic diameter which is 
4Channel approximately the double width of the air gap: dh ; z5 2-d. 
Iýor the rectangular bow, a resistance was assumed to bc 
ý90- 1.3. The resistance of the openings depends on the 
used perforated plates as well as on the density ofthe III- 
inlet 
ter pads. They may be varied from 1.5 to more than 300 
(see RECKNAGEL/SPRENGFR). Ixperimental investiga- 
tions on a single PV faýade element done tit the I Jmver- 
sity of Applied Sciences in Stuttgart provided a total re- 
Fig. 8.18 
sistance of about 60 if a perfibrated plate was uscd Flow resistances within 
a ventilatedfii(ade only at the openings. 
A total resistance of about 4= 230 was reached ifthe original pollutcd filtcr pads From 
the Library in Matar6 were used additionally (Fig. 8.19). 1 Icre the plate distance of file 
faqade was 0.14m and the mean velocities within the gap varied between 0.3 0.8 ni/s. 
300 
250 
200 
150 
;i 100 
4) cic 
50 
1) 
90 
0 Resistance (fifter pads at in- 
75 W and outlet) 
E 
CL 60 Resistance (perforated plates 
at in- and outlet) 
45 
Pressure drop (filter pads at in- 30 and outlet) 
15 2 CL Pressum drnn InA. rfnratPI 
plates at in- and outlet) 
100 150 200 250 300 350 400 450 
Air volume flow [m'/h] 
Fig. 8.19 IYow resistance andpressure drop in a 
In order to get the yearly energy consumption of the Can, the necessary c1cctric, 11 power 
for ventilating must be multiplied with the operating time which was set to t 876011, 
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because of the assumption that the fan works the whole year long (except from case 
PV4, here the operating time amounts to 5352 hours) 
E=t-P /1000 [kWh/a] vent el (8.6) 
In Fig. 8.20 the electrical energy balance is compared for all of the determined cases. 
Hereby, a flow resistance of ý= 200 for the fagade entrance region was assumed, which 
corresponds to a clean filter pad. 
When considering the electrical power production of the PV-elements, it can be seen 
that total value of 15000 kWh/a (or 58 kWh/mIa) was reached for all cases (the calcu- 
lated maximal difference between case PVlc and PV3a, where the air gap velocities 
amount to 2.3m/s and 0.2m/s, is about 400 kWh/a and therefore not visible in the 
graph). Because of the quadratic increment of the flow resistance with the air velocity, 
the used power for ventilation exceeds the generated energy when there are high volume 
flows (PVOc and PV I c). For case PV4 where the geometry as well as the flow rate cor- 
responds to case PV2a, the influences of the minor operating time of the fan are can- 
celled out by the minor PV-efficiency when the fan is switched off. 
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Resulting electrical gains wr4, j PV-Pow er (+) Power Fan (-) 
Fig. 8.20 Comparison of the electrical energy production by the PV-elements and the 
usedpowerfor ventilation 
In Fig. 8.21 the convective heat transfer from the internal fagade surface to the air (sec- 
ondary heat emission), the thermal faqade collector gains as well as the remaining elec- 
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trical power supplied by the PV-cells, were displayed. These values, which refer to the 
faqade area are differentiated into winter and summer situations. For case PV4 the ther- 
mal collector gains include also the operating time of the fan. As can be seen, the ther- 
mal collector gains and the secondary heat emission increase with higher volume flows 
through the faqade. Because of the nearly-constant energy production of the PV- 
elements, the necessary power for the fan increases with higher air speed rates and the 
remaining energy therefore decreases. . 
When considering the different energy flows for summer and winter, the thermal gains 
are approximately within the same range. However, the convective heat transfer from 
the inner faqade surface to the room-air is very low in the summer because of the com- 
pensation between day and night where the heat flow directions are different. 
Case PV4 directly shows the influence of the operating time of the fan in comparison to 
case PV2a. Because of the reduced operating hours in case PV4, the thermal gains are 
proportionately lower. 
PV-facade collector: yearly thermal and electrical energy 
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Fig. 8.21 Relations of convective faCade heat transfer, JaVade-collector gains and elec- 
trical power supplied by the PV-cells differentiated into winter and summer 
situations 
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The coefficient of power (COP) which describes the relation between the heat transfer 
rate through the faqade-collector QFacad, and the energy consumption of the fan E, ent was 
determined as follows: 
Cop = 
QFarade 
E,, 
e, l 
with 
(8.7) 
QFacade --:: ý-P-C-( 
Tgap,.., 
-Tgap, i,, 
)-t 
(8.8) 
and plotted out in Fig. 8.22. Because the lowest velocity rate within the air gap relates to 
the lowest resistance (case PV3a), the COP here reaches a maximum value of about 50. 
In comparison to ground heat pumps, here COP-values between 5 and 7 are typical. 
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0 
Coefficient of power (COP) 
PVla PV2a PV3a PV4 
Fig. 8.22 Comparison of thermal and electrical energyfor the ventilated PV-facade 
The thermal efficiency of an air-collector which is totally enclosed by ambient tempera- 
ture can be estimated directly by the relation of thermal gains to the incident radiation 
with the following form: 
17 
QýOll 
- 
1ý *P* Cair * (Toutlet - Tiniet 100% (8.9) 
AO, I- Acoll 
A faqade-col lector however, interacts with the temperature of the building. Therefore 
the transmission losses through the facade influence the air gap temperature addition- 
ally. To compensate for this effect, the thermal gains were calculated for day and night 
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separately. With the assumption that the thermal influence of the building is identical 
for day and night, the remaining collector energy may be estimated from the difference 
between the two. 
where 
9night P' Cair * 
(Toutfet 
- Tinlet) 
night 
and 
Pday P* Cair Toutlet - Tinlet 
day 
additionally includes the incident radiation part. In Fig. 8.23 the theoretical course of the 
thermal efficiencies calculated by the TRANsFACT-prograM (continuous lines) were 
compared to the results from TRNSYS which was calculated using equations (8.9) to 
(8.12). As can be seen, the estimated efficiencies of the determined cases agree well to 
the theoretical values but the deviation increases with smaller gap-widths. 
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Fig. 8.23 Thermal efficiencies of the PV-facade-collector 
The so calculated efficiencies correspond to a stationary thermal model of a ventilated 
double fagade which is described in EICKER (2001). 
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8.3.2 Heating and cooling energy of the building 
In Fig. 8.24, all of the cases are compared with respect to the yearly thermal energy con- 
sumption. (Note that the divisions of the Y-axis differ between positive and negative 
intervals). The monthly energy balance as well as zone- and gap temperatures may be 
taken from Annex VII for all of the determined cases. 
When considering cases PVOa-c, where the outlets of the PV faqades are not connected 
to the building, the total energy use for heating and cooling are within the same range 
and nearly independent of the flow rate through the faqade gap. When comparing this 
case to the situation of a totally glazed window front with controlled external shading 
devices (case Win 1/2), the energy use of the PV fagade is slightly higher because of the 
lower solar gains during the heating period. 
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Fig. 8.24 Comparison of the thermal energy consumptionfor all examined cases 
When comparing the thermal effect of the ventilated faqade if the preheated faqade air is 
regulated blown into the building, only cases PVla, PV2a, PV3a and PV4 may be com- 
pared to the case of a total window front (Winl, Win2) because of the identical infiltra- 
tion rate. As can be seen, the total energy consumption of the building is within the 
same range to the case where the faqade is completely glazed by heat protection win- 
dows with regulated internal shading devices. Because of the identical gap geometry as 
well as the same infiltration rate, the difference between Case PVOa and Case PV2a 
directly shows the thermal effect if the faqade air is lead into the building by an opti- 
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mised regulation system. In this case about 12% of the energy can be saved. However, 
if the preheated faqade air is used over the whole year without regulation, the cooling 
loads will increase to about 12000 kWh/a (not visualised in the graphic). Considering 
the cases PVIb to PV3b as well as the cases PVlc to PV3c the influence of the air 
change rate is the dominate factor. Here the gap width and therefore the flow velocity 
are also less important. 
In case PV4, while corresponding to a ventilated system with fixed operating times, the 
heating load is within the same range as the other cases with an identical air change rate 
(PVla, PV2a, PV3a). Thus, a complex regulation system is not required. However, the 
cooling load is slight higher when comparing case PV4 to case PV2a. Additionally, for 
case PV4, the thermal potential of the faqade-collector during the summer period is plot- 
ted out. This energy may be used for an optional solar cooling system which is installed 
at the library in Matar6 for example. 
A summary of the energy components for heating and cooling as well as of the fan 
power and electrical gains from the PV elements are displayed in Fig. 8.25 for all of the 
determined cases with identical air change rates. (Please note that the divisions of the Y- 
axis differ between positive and negative intervals. ) As can be seen, the total energy for 
heating and cooling reaches the lowest level with an air gap width of 5cm. On the other 
hand, the remaining electrical gains rise with an increasing gap width as the air velocity 
rate and therefore the flow resistance drops. However, the differences between the total 
yearly values were not significant. 
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Fig. 8.25 Comparison of thermal and electrical energyfor the ventilated PV-favade 
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CHAPTER 9 
CONCLUSIONS AND RECOMMENDATIONS 
In this study, the particular application of a ventilated double fagade, a hybrid PV- 
fagade, has been analysed in relation to its thermal characteristics. The energy conse- 
quences of double glazed fagades with respect to the building in which it is located, turn 
out to be highly dependent on the heat transfer coefficients within the fagade gap. 
'llerefore, intensive experimental and theoretical investigations of the flow situation 
between vertical parallel plates, used to model a double fagade, were carried out. Ex- 
perimental determinations of the flow within the fagade were made by means of the 
particle image velocimetry (PIV) and were compared with numerical CFD simulations. 
A new Nusselt correlation was derived through a detailed parameter study based on 
CFD calculations. This derived correlation was integrated into a new transient simula- 
tion program which was developed in order to estimate the thermal behaviour of such 
fagades early on in the planning phase of a building project. Finally, the simulated re- 
sults were compared successfully with measurements of real fagades. 
9.1 COMPARISON BETNVEEN EXPERIMENTAL RESULTS 
FROM PIV-MEASUREMENTS AND CFD-SIMULATIONS 
In order to determine the flow situation as well as the thermal behaviour within venti- 
lated double fagades for practical applications, an experimental test rig was designed 
and constructed at the Stuttgart University of Applied Sciences. The test rig consists of 
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two vertical parallel plates, each with a height of 2m and a depth of 0.5m which can be 
separated by up to 0-8m. One plate is heated by a heating foil and the other plate may be 
heated or cooled with a cryostat. To compare the numerically-estimated flow rates as 
well as the thermal behaviour between the parallel plates with the situation existing in 
the experimental fagade rig, the flow stream was visualised with the addition of tracer 
particles (Helium bubbles or oil spray). By means of a high speed camera system, the 
flow movement between both plates was recorded and the resulting velocity profile was 
determined using a particle image velocity (PIV) system. 
The determined cases contained forced, free and mixed convection for symmetrical and 
asymmetrical plate temperatures. PIV measurements and 2D-CFD simulations agreed 
quite well with forced and mixed convection if the plate temperatures were higher than 
the ambient temperature. 'ne best agreement was achieved using the kE-Realizable 
model of the CFD program FLUENT. However, for thermal conditions where plate tem- 
peratures were lower than the ambient temperatures, the influence of the unheated side- 
walls from the experimental rig could not be ignored. In such cases, a 3D simulation is 
necessary. Comparing cases with purely natural convection, the CFD results depend 
strongly on the used operating density which relates to the difference of the static pres. 
sure between the top and bottom - or the inlet and outlet - of the fagade test rig. Besides 
FLUENT, other CFD programs showed a similar behaviour. Because of this extreme sen- 
sitivity, the analyst should be extremely cautious, especially with two-dimensional, sta- 
tionary calculations. 
9.2 SUGGESTED NEW NUSSELT-NUMBER AND COMPARISON 
TO CORRELATIONS FROM LITERATURE 
Because of the agreement between experimental results and CFD simulations with 
forced and mixed convection between parallel vertical plates, a parameter study based 
on CFD simulations was done in order to develop a new empirical Nusselt correlation. 
The suggested correlation includes variations of plate distances from 0.05 - 0.5m, sur- 
face temperatures from -10 to 60'C, inlet temperatures from -10 to 30T and Reynolds 
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numbers (Red) between 500 and 6500. Comparison with Nusselt numbers from litera- 
ture, differentiated between flow within channels and flow over single vertical plates, 
shows similar progressions in some cases. Especially for purely-forced convection, the 
new Nusselt function corresponds directly to the formula which is attributed to PETUK- 
HOV (1970). However with mixed convection, no Nusselt correlation from literature 
could reproduce the CFD calculations over the whole range of variations which were 
given above. 
Comparisons between the CFD-simulation and the proposed new Nusselt correlation 
show quite good agreement for symmetrical surface temperatures in the cases of mixed 
and forced convection. However, depending on the boundary condition and the degree 
of asymmetrical surface temperature distribution, differences can increase but the dif- 
ferences between the CFD simulation and the correlation function for heat flow and 
outlet temperature is normally less than 10%. In some cases, the percentage deviations 
amount to more but here the absolute values are close to zero and can safely be ignored. 
9.3 DEVELOPED SIMULATION PROGRAMS AND COMPARI- 
SON BETWEEN SIMULATIONS AND MEASUREMENTS 
In order to estimate the thermal behaviour of a ventilated fagade a transient simulation 
program was developed which was able to calculate the energy balance that occurs with 
a double fagade. Fagade layers may be opaque or transparent. Furthermore, semitrans- 
parent PV elements and air cavities (enclosures) can also be considered. For transparent 
or semitransparent elements, the optical properties as well as the absorbed radiation will 
be calculated as a function of the beam incident angle. 
To integrate the calculation methods into the commercial building simulation program 
TRNSYS, a new Type (Type I 11) was written. This Type enables an arbitrary fagade con- 
struction to be connected to the existing building Type56. 
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Comparisons between the calculated results of the developed model and measurements 
on the hybrid, forced-ventilated PV fagades of the public library in Matar6, Spain have 
shown nearly identical temperatures during different recorded periods. Further investi- 
gations on a building with a double glazed fagade in Stuttgart, also provided sufficient 
agreements even if - in this case, with natural convection - the ambient wind speed sig- 
nificantly influences the flow behaviour within the double fagade. Finally, the total en. 
ergy rate through a window (g-value) - estimated using the special g-value test rig at the 
Stuttgart University of Applied Sciences - could also be simulated with the developed 
program. 
Because of the wide range of considered climate situations for determining the heat 
transfer coefficients within ventilated facades, the program developed is restricted to the 
geometry of a rectangular ventilated channel. The derivation of the heat transfer cocff*, - 
cients from outcomes of CFD simulations are based on planar surfaces within the chan- 
nel. In case of channel constructions with internal ledges the degree of turbulence will 
be enlarged and therefore the heat transfer is increased. Also the application of internal 
shading blinds within the double fagade was simplified in the developed model. Here 
the shading blind divides the ventilated channel into two separate shafts with smooth 
planar walls. Air exchange between the two sides of the blind as well as the slope of the 
lamellas was not considered. 
9.4 PARAMETER STUDIES 
Theoretical thermal investigations for an office-room as well as for a large building with 
a double fagade front were undertaken using the building simulation program TRNSYS in 
which the new Type III was integrated. The investigations were divided into cases of 
different optical properties of the glasses and different kinds of convection within the 
double fagade (free and forced). All of the simulation results were compared to a situa. 
tion with a completely-glazcd window front. The results showcd that in comparison to a 
standard window fagade, the double fagade may save up to 10% of the heating cncrgy 
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needed if the optical properties of both fagade types are comparable. The necessary 
cooling use is nearly identical for both types. 
By comparing a ventilated hybrid PV-fagade with a standard window front, the energy 
consumption during the heating period lies within the same range for both fagade con- 
structions. Here, the lower incoming solar radiation through the PV-fagade is compen- 
sated by the preheated fagade air which is led into the building. In the summer, the cool- 
ing use may be reduced significantly with the PV-fagade because of the reduced solar 
gains. The main advantage of the ventilated PV-fagade lies in the additional production 
of electric current and thermal energy. For low forced flow rates within the double fa- 
gade (u < I. Om/s) and a flow resistance of about 4= 200, which includes the filter pads 
at the gap openings, the energy production of the PV-cells exceeds the necessary elec- 
trical power of the fan used to ventilate the fagade gap significantly. In addition to the 
produced electrical power, the thermal energy of the fagade gap may be useful during 
the summer period for supplying a desiccant solar cooling system. An example of such 
is installed at the library in Matar6, Spain (see also HOMER 2001). 
9.5 RECOMMENDATIONS 
The investigations of natural convection within double fagades or between asymmetri- 
cally-heated vertical parallel plates show that the Nusselt correlation from literature 
does not remain accurate across a wide range of conditions. The simulation results from 
the CFD analysis deserve careful consideration. Tberefore, more detailed investigations 
are required to investigate natural flow with significant asymmetry. 
Another focal point concerns the flow situation within double facades equipped with 
internal shading blinds. Here, some late investigations were carried out among others by 
SAELENS et al. (2005) and SAFER et al. (2005). This subject however, necessitates sim- 
plif ications for practical applications. 
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In order to apply experimental and theoretical outcomes to situations in reality, the wind 
forces and pressure drops must be considered for double fagades with natural convec- 
tion. Because of the wide range of different boundary conditions and the significant 
influence on the flow behaviour within the fagade, the experimental results presented 
here will probably differ from the real situation. In order to estimate these influences, 
more measurements on fagades as well as within the building enclosed will be neces- 
sary. 
The new European standard method for calculating the primary energy demand of 
buildings considers different types of energy flows in detail. However, detailed calcula. 
tion methods for double fagades - and especially for ventilated fagades - are still miss- 
ing. A first approach is defined in EN 832 for trombe walls. But also here an estimation 
of the heat transfer coefficients is not available. 'I'lie present thesis can be used to con- 
struct a simplified model which itself can be used as the basis for a monthly calculation 
method. 
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ANNEX 1: Heat flow and temperature comparison between CFD 
Simulation and new correlation function for mixed 
convection 
The following pictures represent the results of the FI, ULN'I'-CFD simulations as well as 
the results from the new proposed correlation function for different boundary 
conditions. I lereby the outlet temperatures as well as the heat flows from the ventilated 
gap into both facade sides will be compared. The headline values designating the facade 
surface temperatures. In case of heat flow comparisons (WS) means the warmer and 
(CS) the colder facade side respectively. 
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BC: plate distance = 0.05m, mass flow rate = 0.0 1 kg/s, uz0.2 m/s, inlet temp. I OCIC 
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BC: plate distance = 0.05m, mass flow rate = 0.01 kg/s, uz0.2 m/s, inlet temp. = -I O'C 
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BC: plate distance = 0.05m, mass flow rate = 0.0 1 kg/s, u-0.2 m/s, inlet temp. =I OOC 
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BC: plate distance = 0.05m, mass flow rate = 0.01 kg/s, uz 0.2 m/s, inlet temp. =I O'C 
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BC: plate distance = 0.05m, mass flow rate = 0.0 1 kg/s, uz0.2 m/s, inlet temp. =I O'C 
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BC: plate distance = 0.05m, mass flow rate = 0.01 kg/s, uz0.2 m/s, inlet temp. - 30'C 
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BC: plate distance = 0.05m, mass flow rate = 0.01 kg/s, uz0.2 m/s, inlet temp. = 30'C 
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BC: plate distance = 0.05m, mass flow rate = 0.01 kg/s, u-0.2 m/s, inlet temp. = 30'C 
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BOUNDARY CONDITIONES: 
Plate Distance: 0.05m 
Mass Flow Rate: 0.06 kg/s uý1.0 m1s 
L 
Inlet Temperature: -100C 
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BC: plate distance = 0.05m, mass flow rate = 0.06 kg/s, uz1.0 m/s, inlet temp. ý -I O'C 
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BC: plate distance = 0.05m, mass flow rate = 0.06 kg/s, uz1.0 m/s, inlet temp. I O'C 
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BOUNDARY CONDITIONES: 
Plate Distance: 0.05m 
Mass Flow Rate: 0.06 kg/s u 1.0 m/s 
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BC: plate distance = 0.05m, mass flow rate = 0.06 kg/s, uz1.0 m/s, inlet temp. =I OOC 
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BC: plate distance = 0.05m, mass flow rate ý 0.06 kg/s, uz1.0 m/s, inlet temp. -I O'C 
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BC: plate distance = 0.05m, mass flow rate = 0.06 kg/s, u -5 1.0 m/s, inlet ternp. = 30'C 
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BC: plate distance = 0.05m, mass flow rate = 0.06 kg/s, uz1.0 m/s, inlet temp. = 30'C 
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BOUNDARY CONDITIONES: 
Plate Distance: 0.05m 
Mass Flow Rate: 0.12 kg/s u=2.0 m/s 
L 
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BC: plate distance =0.16m, mass flow rate =0.01 kg/s, uz 0.06 m/s, inlet temp. = -I O'C 
60*C I 40'C 60*C / 40*C 
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BC: plate distance =0. I 6m, mass flow rate =0.0 I kg/s, uz0.06 m/s, inlet temp. I O'C 
40*C I 20*C 40*C I 20'C 
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BOUNDARY CONDITIONES: 
Plate Distance: 0.16 m 
Mass Flow Rate: 0.01 kg/s u-0.06 m/s 
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BC: plate distance = 0.16m, mass flow rate - 0.0 1 kg/s, uz0.06 m/s. in let temp. - OIC 
60*C I 40*C 60*C I 40*C 
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BC: plate distance = 0.1 6m, mass flow rate = 0.0 1 kg/s, uz0.06 m/s, inlet temp. = OOC 
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BOUNDARY CONDITIONES: 
Plate Distanceý 0.16 m 
Mass Flow Rate: 0.01 kg/s u-0.06 m/s 
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BC: plate distance = 0.1 6m, mass flow rate = 0.0 1 kg/s, u-0.06 m/s, inict temp. = 30'C 
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BC: plate distance = 0.16m, mass flow rate = 0.01 kg/s, uz0.06 m/s, inlet tenip. - 30'C 
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BOUNDARY CONDITIONES: 
Plate DistanGe: 0.16 m 
Mass Flow Rate: 0.06 kg/s u-0.3 m/s 
L 
Inlet Temoerature: -1 00C 
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BC: plate distance = 0.1 6m, mass flow rate = 0.06 kg/s, u zý 0.3 m/s, inlet temp. I O'C 
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BC: plate distance = 0.1 6m, mass flow rate = 0.06 kg/s, uz0.3 m/s, inlet temp. I O'C 
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BOUNDARY CONDITIONES: 
Plate Distance: 0.16 m 
Mass Flow Rate: 0.06 kg/s u-0.3 m/s 
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BC: plate distance = 0.16m, mass flow rate = 0.06 kg/s, u-0.3 m/s, inlet temp. =I O'C 
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BC: plate distance = 0.16m, mass flow rate = 0.06 kg/s, u-0.3 m/s, inlet temp. =I O'C 
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BOUNDARY CONDITIONES: 
Plate Distance: 0.16 m 
Mass Flow Rate: 0.06 kg/s u=0.3 M/S 
L 
Inlet Temerature: 30*C 
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BC: plate distance = 0.16m, mass flow rate = 0.06 kg/s, uz0.3 m/s, inlet temp. -- 30'C 
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BC: plate distance = 0.1 6m, mass flow rate = 0.06 kg/s, uz0.3 m/s, inlet temp. = 30'C 
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BOUNDARY CONDITIONES: 
Plate Distance: 0.5 m 
Mass Flow Rate: 0.2 kg/s u=0.34 m/s 
L 
Inlet Ternoerature: 100C 
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BC: plate distance = 0.5m, mass flow rate = 0.2 kg/s, uz0.34 m/s, inlet temp. =I O'C 
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BC: plate distance = 0.5m, mass flow rate = 0.2 kg/s, uz0.34 m/s, inlet temp. =I O'C 
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ANNEX 11: Layer coefficients for the one dimensional transient 
heat conduction equation 
Determination of the coefficients regarding to equation (6.19) in dependence of the 
layer-type. 
All-1) First layer corresponds to ambient air via convective heat transfer or layer 
behind air space corresponding to the mean air gap temperature and heat 
transfer coefficient from the right side: 
qL 
g-I 
qR 
T.. b 
k 't= 
In this case eq. (6.19) gets an additional term -I(T.. b, t +I + b,, 
II+ 
rL 
considering the ambient air temperature or the mean gap temperature. 
a,,, = 
a,,, =[(ý, 
1 )- r, -r, -] 
A (I+r, )(I +r, ) 
bl, l = 
b12 
a,, 
3 = 
rR 
) 
1+ rR 
SL ýI SR 
Axi 
k(l+rL) 2k, (I+ r, ) 
R 
IL = 
2k, ) 
rR 
2k2AXI (kAx, 
k, AX2 
) 
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All-2) Last layer corresponds to ambient air via convective heat transfer or layer 
before air space corresponding to the mean air space temperature and heat 
transfer coefficient from the left side: 
qL 
g-, 
qR 
T.. b 
I 
In this case eq. (6.19) gets an additional term --(T,. b, t +I + 
T,. 
h,, 
I 
I+rq 
considering the ambient air temperature or the mean gap temperature. 
rL ) 
+ rL 
a,, 2 
+ 
)- 
r,, r, 
-I 
A 
(I + r, 
) (I + r, 
) 
a33 =0 
I+rL 
rL 
b, 2ýI-I 
)- 
r, - r, 
-)] 
b3 ý () 
SR ýI SL ý 
'ýýXnniax rR ý( 
2kn. 
x rL 
k,, 
.,, -, 
Ax,,,,,. 
x 
h, (I + rR) 2k,. (I + rL kAx,, .. 
knmaxAXnmax-I 
All-3) First layer corresponds to fixed heat flow: 
ql, 
g-I 
qR 
a,,, = 
al, 2 ý+ 
J-( J] 
A+ rR 
a,, 
3 = 
rR 
) 
+ rR 
SL = 
Ax, 
SR 
Axi / 2k, 
2k, I+r, 
b,,, =0 
b,, 
2 = 
[(1 
--L) -(I 
)] 
A+ 
bý, 
3 = 
rR 
+ rR 
rR = 
(k2lýXl ) 
k, AX2 
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All-4) Last layer corresponds to fixed heat flow: 
4- qL 
g-I 
qR 
12 
rL ) 
+ rL I I+rL =( 
rL 
bl, 
2 ý 
[(' 
-I)-(I 
)] 
1,2 
++ 
rL I+ rL AA 
a,, 3 ý 
bý, 
3 ý 
SL ý 
Ax,,. 
SR = 
Ax,,.,, 
rL 
k,,. 
-, 
Ax,,.. 
2k,,. 2ký.,, (I + rL ) k,,. AX,, niax-I 
All-5) First layer corresponds to fixed surface temperature: 
T_r 
g-, 
qR 
In this case eq. (6.19) gets an additional term -[1; f,,,, +] considering the 
surface temperature. 
a,,, = bý,, = 
a -- 
I )- rR 
)] 
bl, 
2 -ý 
[(' 
-I)+( 
rR 
)] 
1,2 'ý 
[(' 
+A1+ 
rR A1+ rR 
a,, 3 =( 
rR 
) 
1+ rR 
S0 
(Ax, 12k, 
1+ rR 
bl, 
3 ý( 
rR 
I+r. 
r R= 
(kAx, 
kjAX2 
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All-6) Last layer corresponds to fixed surface temperature: 
, IML, 4v*ä6 IK 
- g-, 
-4- T_c 
In this case eq. (6.19) gets an additional term -[I: urf,, +, +Tsurf, t] considering 
the 
surface temperature. 
+ rL 
=( 
rL 
I+rL 
rrL a,, 2 - 
[('+ 
I )+( 
, 
)] 
bý, 
2 
+( 
AI+ rL AI+ rL 
a,, 3 ý 
bý, 
3 ý 
Ax, 
ý. ý 
12ký.. 
r SR ý0 SL ý, =( 
k. 
ý, ý 1+r, k nrnax'ýýxnniax-1 
AII-7 Intemal layer: 
ql. 
9vol 
q,, 
n+l 
an, l - (I +r, ) 
n, 2 
rR 
+ rR 
 (i+) 
bn, 
2 ý 
I- 
I )- r, r,, 
-I 
pl, 
(I + r, 
) (I + r, 
) 
b,,, 3 
=( 
rR 
) 
1+rR 
Ax, 
_, 
Ax, 
r 
kAx, 
-, and sL 2k, 
SR =Lk,, rR= 
( 2k,,, Ax, 
-1 
(1 + rL) 2k,, (I + r, ) -, 
Ax,, 
) 
k,, Ax, +, 
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ANNEX III: Derivation of the one dimensional transient heat 
conduction equation for a boundary layer 
According to chapter 6.1 the following consideration points up the derivation of the one 
dimensional transient heat conduction equation in case of a boundary layer. Hereby the 
border between the layers and the surrounding is separated into fictive layers. 
boundary 
q 
1. layer 2. layer 
fictive layer fictive layer 
boundary 1. layer 2. lay( 
q Lq 
To 
RG no* Tc 
Vol 
qqq 
2; 34 
Tamb 
010 -I*M 
4. 
TIM, 
TI T,. aR T2 
hL Ill- X2 X2 
Axi Ax, Ax, AX2 AX2 
Tamb 0'4 
hi- 
XO 
Derived from heat balance at node To: qý = q2 + qL 
2, ý, (T _T - T,,. b) and 
q2 =1 0) with q, =k(To AXI . 
follows k (To - T,, mb) 
2 /ý (Tý - T,, ) + qL Ax, 
rLT+T +s 2, ý 1 reconverted to To: -> To= I amb LqL with rL =- and SL -= - (I + rL) hLAx, hL 
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The surface temperature on the left side may be written as the mean temperature 
between the temperature of layer I and the fictive left layer temperature: 
T_ 
Ta +T 
02 
where the fictive layer temperature is: 
TIaL 
_ 
rLT, - T, + 
2Tamb + 2SLqL 
(I + r" ) 
Heat balance at point T,: q3= q4+ qR 
with q, = 
2'ý' (T, 
- T, ) and q4 =2'ý2 
V2 
-Tc Ax, AX2 
follows ý&(T, -T, )=ýý(T2-T, )+q, Ax, AX2 
reconverted to Tc: -> T= 
TI + rR T2 + SR qR 
- 
AX' 
+ r, ) 
with rR = 
"Ax' 
and SR 
2A AAX2 
The surface temperature on the left side may be also written as the mean temperature 
between the temperature of layer I and the fictive left layer temperature: 
T 
Ta +T 
0=2 
T -r T, +2r 
T2 +28RqR 
where the fictive layer temperature is: 
TaR -RR (1 + rR 
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ANNEX IV: calculation of solar position and incident angle 
Calculating the light transmission through a glazing facade system, the solar position 
and incident angle to surface must be known in dependence of the geographical location 
as well as for the time. Hereby the incident angle is defined as the angle between the 
solar vector and the normal vector perpendicular to the surface. 
Incident angle il: 
os aw s a,, -sin. 5 - cosV + cos6 - sin(p - costo 
n -as C sa ". cos. 5-sinro Gosq = 
Co 
wý 
Csoin 
a 
sina,, sin 5. sin (p + cosg - cos(p - coso 
Normal vector n: 
Xý cosa, -cosa, ) 
Yý = cosa,, -sin a, 
Zý sinaw 
j 
Solar vector a,: 
X, -sing. cos(p+cos6-sinV. cosrv 
ds Y, cos. 5 - sin rq 
Z" sing -sin q) + cosg - cosp - costo 
where a, is the azimuth of the facade and (xw the slope to horizontal. 
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All other characteristic quantities depend on day time geographical location and solar 
position. The determination of these astronomical values based on DIN 5034-2 (1985) 
and will be described below. 
Declination 6: 15 = 0.3948-23.2559. Cos (T +9.1o)-0.3915-cos(2T +5.40) 
- 0.1764 - Cos (3T + 260) 
where T=360. Y,, /365 
Solar altitude y,: y, =arcsin(cosm -cosp -cos. 5+sin(p -sin. 5) 
where hour angle: 
(TLT-1 2.00h) - 
360* 
24h 
with True Local Time: 
TLT = CET-4(15'-, Z)+T., 
and 
T. 
q = 
0.0066 + 7.3525 - cos(T + 85.91) + 9.9359 - Cos (2T + 108.90) 
+ 0.3387 -cos(3T + 105.20) 
Solar azimuth a,: TLT < 12.00h as=180*-arccos sin ys - sin (p - sin 
9 
cosys -Cos (p 
TLT > 12.00h a,, =l 800+arccos 
sin y, - sinrp - sin 9 
cosys -Cos (P 
where 
North: a, = 0' 
East: a, = 90' 
South: a, = 180' 
West: a, = 270' 
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ANNEX V: Computational Flow Diagram 
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H 
inc layer . 
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See annex 
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NEkk and annex III 
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See annex 11-7 
1 
T7 See annex 
q4 
No 11-1 and 11-2 
calculate new temperatufas 
I -I, See chapter 5/6 
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ANNEX VI: Theoretical validation of the developed program 
To investigate the accuracy of the developed simulation model, the calculated layer 
temperatures will be compared with cases where analytical solutions exist. The first 
comparison exists in a simple steady state case, where the heat flow though a wall may 
be described to 
q=U. AT 
where the U-value is defined to: 
(VI. 1) 
uI+d, 
+d ... + 
d 
11+ 
1 (VI. 2) 
h, 
_,, 
k, k2 kn hint 
The variables represent the thickness d of a layer and the heat conductivity k respec- 
tively. h,,,, and hi,,, are the heat transfer coefficients from the ambient air to both surfaces 
(in- and outside). In case of a constant heat flow (steady state consideration) the tem- 
perature for each layer can be determined exactly. 
Layer 
X [WlmKl 
15 
10 
123456789 10 
100 1.0 1.0 100 100 1.0 1.0 100 100 1.0 
rL E 0 
-10 11111111111 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
thickness Iml 
0 steady state calculation - simulation 
Fig. VI. 1 Comparison of layer temperatures between steady state calculation and 
numerical simulation. Overall boundary conditions: 
Density: 1000 [kglm 3], Capacity: 1000 [JlkglK], T- Outside: - 10 [T], h-Outside: 25 [Wlm2K], T-Inside: 20 [C], h-Inside: 7.7 [Wlm2K], 
layer-thickness: 0.1 [Wlm2K] 
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Fig. VI. 1 shows the calculated temperatures for a non-realistically construction of 10 
layers with large differences in layer heat conductivities. As to be expected, the calcu- 
lated contact temperatures between two layers and the node temperatures correspond 
exactly to the values determined with the simulation program after some iterations. 
In the next case a time dependent behaviour of the numerically calculated layer tem- 
peratures was confronted with an analytical solution for a half-infinite body. For this, 
equation (V1.3) is solvable for periodically changed surface temperatures and allowed a 
direct comparison to the numerical solution. 
a2 T g., I aT 
-+-=-- (VI. 3) ax 2ka at 
The general solution for this case is: 
(I+i)x 
Va 
(I+i)x ol 01 
Tx,, = Coe'. " -e 
2a 
+ Ce'o' - e- 
ý2-, 
(VIA) 
where to = 
2)r 
and to as period-length. 
to 
Including the boundary conditions for the places x=0 and x= oo 
2g 
x0T,,, ý sin -. to 
X=00 t=0 
equation (VIA) may be expressed as 
- -x 27r T. 
't 
T. e sin -x 
Ir 
to a-to 
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and represent the temperature progression in case of a damped oscillation with ý as 
amplitude. 
eq. (VI. 5) 
X=O -L 
Fig. 7.2 Temperature progression within a haý(Iinfinite body based on a periodically 
surface temperature. 
In Fig. 7.3 the analytical solution of the thermal situation in a half-infinite body during 
one year will be represented graphically as a function of the depth. 
1 
15 
a, 
a, 0. 
E 
a, 
Fig. 7.3 Analytically solution of the temperature progression within a hat(linfinite 
body during one year. 
(Conductivity: 1.6 [WlmK], Density: 1800 [kglm3], Capacity: 1000 [Jl'kglK], 
Temp. -amplitude: 9 [K], Period-length: I year, Time-step: I week) 
Fig. 7.4 represent the comparison between the analytical and numerical results for the 
half-infinite body described above. As is to be seen, the numerical solution coffesponds 
exactly to the analytical curve after some time-steps. 
Half-infinite body 
eq. (VI. 6) 
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Fig. 7.4 Comparison between analytical and numerical resultsfor a haýflinfinite body 
and two different depths (2. Om and 4.0m). The black line characterise the 
forced surface temperature. 
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ANNEX VII: Monthly energy balance of a building with an inte- 
grated hybrid PV-facade 
The following figures represent calculated monthly heating and cooling loads as well as 
hourly temperatures over a year. The examined building and the parameter variations 
are described in chapter 8.3.1. In Tab. V11.1 the different cases will be repeated. 
v-gap, 
Gap- Facade air Building air change rate CASE [m/s] width change [1/h] Inside window [m] [1/h] 
Double glazed 
window 
U 2.8 W/M2 K 
Win I 
g 0.76 
regulated inter- 
nal blinds 
Heat protection 
window 
U= 1.3 W/M2 K 
Win 2 
g=0.59 
regulated inter- 
nal blinds 
PV Oa 0.40 22 ith bi Ai h ange w am - rc PV Ob 1.00 0.10 0.7 erature ent tem p 
PV OC 1.50 
PV la 0.81 449 0.7 Controlled heating 
PV lb 1.16 0.05 642 1.0 supply via fagade tem- 
PV Ic 1 2.31 1279 2.0 perature if zone tem- 
PV 2a 0.40 222 0.7 perature will be Heat t ti ' pro ec on PV 2b 0.58 0.10 321 1.0 dropped under 20 C, window U=1 5 
PV 2c 1.16 642 2.0 otherwise fixed air . W/M2 K 
PV 3a 0.20 111 0.7 change rate of n=0.7 g=0.52 
PV 3b 0.29 0.20 161 1.0 I/h with ambient tem- 
PV 3c 0.58 321 2.0 perature 
Time dependent venti- 
lated fagade. The pre- 
PV 4 0.40 0.10 222 0.7 heated air will be cou- 
pled with the building 
in winter only 
Tab. VIT. 1 Table of examinedfaiVade constructionsfor a large building 
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Calculated heating loads 
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Heating load 
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Heating load 
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Calculated cooling loads 
Cooling load 
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0 Case PV 3a m Case PV 3b Case PV 3c 
Cooling load 
Jan Feb Mar Apr lVlay Jun Jul Aug Sep Oct Nov Dec Yea 
m Case PV 4 
livuv 
3000 
2000 
looo 
0 
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Calculated hourly zone temperatures 
Zone-Temperature (without cooling) 
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Zone-Tom perature (without cooling) 
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Calculated hourly air gap outlet temperatures 
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Calculated electrical power generated by the PV-elements 
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